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ABSTRACT

Due to the reducing supply of oil producible from Alberta’s conventional oil reservoirs,
attention has been drawn to increasing the production capability of Alberta’s immense
heavy oil and oil sands reservoirs. Most of these reserves are t0o deep to be economically
strip mined and effective exploitation of these deeper reservoirs requires the improvement
of existiiig thermal in-situ production technology. One area of potential improvement in
thermal recovery is improving the heat transfer from the high temperature injected steam
1o the reservoir. Forced convection and conduction dominate the thermal processes, but
thermal natural convectior may have considerable effect, particularly in regions of low
pressure gradient and favorable temperature gradient.

The purpose of this work is to examine experimentally and theoretically the steady state
natural convection of reservoir-like fluids at relatively high pressures (2 MPa) and
temperatures (190°C) in a porous medium. This was done for a single fluid (water), for a
liquid and a condensible gas (water/steam) and for different mixtures of two immiscible
liquids (oil/water, tetrachloroethylene/water). The porous media used were quartz sand
packed to permeabilities ranging from 26.5 darcies (26.5 x 1012 m2) to 2100 darcies
(2100 x 10712 m2) and porosities of between 32.4% and 34.0%. The sand packs were
contained in a steady state, guarded heat transfer cell that was heated from above for
conductivity measurements and from below for convection experiments. The cylindrical
sand packs were 0.45 m in diameter and 0.67 m. tall. The heat fluxes were measured
using 0.45'm diameter heat flux meters located above and below the sand pack.

The natural convection of a single fluid in a porous medium heated from below has
previously been described in the literature. A novel method for handling viscosity
variations was developed that greatly increases the applicability of the previous models to
real systems. A new set of boundary conditions representing finitely conductive layers
above and below the porous medium were formulated in an attempt to more closely
match the actual boundary conditions encountered experimentally.

The natural convection of a liquid and a condensible gas was found to develop an
overlying liquid zone when the permeability of the porous medium was below an upper
limit. New models describing the behaviour of the critical overlying liquid zone were
developed. These models explained the apparently contradictory evidence previously

reported in the literature.



The onset of natural convection of a mixture of two immiscible liquids was found to be
adequately described by a novel model, developed in this work, based predominantly on
relative permeability concepts.
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Y Heat capacity ratio of matrix to fluid (pCp)m / (pOCp)f

A Eigenvalue

Ay Thermal conductivity of saturated porous medium, in Ra definitions at
average conditions [W/m K]

AL Thermal conductivity of layer used in second boundary

condition set to model heat flux meters  [W/m K]
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AsT Thermal conductivity of medium saturated with water @ temperature T
[W/m K]

7‘3 Thermal conductivity of water saturated porous medium [W/mn K]

Aw Thermal conductivity of water [W/m K]

Agoig  Thermal conductivity of solid in matrix [W/m K]

1) Fluid dynamic viscosity, in Ra definitions at cold end conditions [Pas]

MR Viscosity ratio (1q /1)

¢ Angle [Radians]

¢p Porosity

p Fluid density, in Ra definitions at cold end conditions [kg/m3]

T Temperature fluctuation [°C,K]

T Dimensionless temperature fluctuation p. 175

6 Dimensionless perturbed temperature

(T - Tg) + (Ty - T}z /L)ITy - Tg))

e Dimensionless temperature  p. 175

o, Dimensionless T, p. 175

v Kinematic viscosity [n12/s]

o Bulk fluid velocity ink direction [m/s]

® Dimensionless bulk fluid velocity in & direction T yok

Q Correction factor for predicting liquid/vapour Nusselt number

Subscripts and superscripts

( )0 Value at cold end conditions

) Value at hot end conditions

OMm Value at top of two phase zone (bottom of overlying water zone)
) Vector value

() Derivative of variable

Om Value of porous medium, including fluid and matrix
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CHAPTER 1. INTRODUCTION

Due to the reducing supply of oil which can be produced by conventional methods from
Alberta light oil reservoirs attention is being attracted to the high viscosity oil contained
in the immense 413.6 x 10° m> Alberta oil sands deposits and heavy oil reservoirs! .
The oil sands reserves are characteristically composed of water-wet unconsolidated,
predominantly quartz, sand with pore spaces filled with water, bitumen, and, sometimes,
gas phase52 . The liquid water phase typically also contains fines (fine sand and clay
particles), and dissolved components (salts, gases, oil). The bitumen phase usually
includes a wide range of extremely high viscosity hydrocarbons, and some dissolved
gases and water. The bitumen phase viscosity is too high for conventional reservoir

production techniques to succeed.

The oil sands deposits near the surface may be successfully, and economically, strip
mined, as is done near Ft. McMurray. Some 5.8 x 107 m3 of the oil sands and heavy oil
reserves are shallow enough, under less than 50 m of overburden! , to be potentiaily
strip-mined. The bulk of the recoverable reserves, 57.0 x 10° m3 , must be extracted in-
situ.] In-situ recovery techniques are predominantly thermal, utilizing the injection of
hot fluids to increase oil temperatures and, thus, reduce viscosity. The reduced viscosity,
and attendant increased oil mobility, allow the production of the oil. The injected fluids
are usually steam or hot water, and may include additives for improved conformance,
etc.. One of the critical factors controlling the thermal stimulation of a heavy oil reservoir
or oil sands deposit is the rate of heat transfer from the injected fluids to the produced oil.

1.1 Heat Transfer in Qil Sands

Heat transfer through oil sands reservoirs is extremely complicated. All three of the basic
modes of heat transfer (conduction, convection, and radiation)3 may be involved in
series and in parallel combinations. Additionally, the effects of multiple phases and
components, as are present in oil sands reservoirs, tend to complicate fi urther the already
convoluted heat transfer processes.

Radiative heat transfer is the transport of energy in the form of electromagnetic radiation.
In porous media radiative heat transfer usually occurs from solid particle to solid particle
through the pore space. Oil sands reservoirs have relatively low spatial temperature



gradients and the pore spaces are predominantly filled with opaque liquids. The low
temperature gradients result in small temperature differences between adjacent sand
grains and reduced radiative heat transfer. The liquid in the pore spaces absorb the
radiative energy, halting radiation heat transfer. These two factors combine to make heat
transfer by radiation negligible in most situations related to this work.

Conductive heat transfer is the transport of energy from a high temperature region to a
lower temperature region by the drift of electrons (solid metals), vibrational impact of
molecules (other solids), and kinetic impact of molecules (fluids). In porous media,
conductive heat transfer follows an extremely complicated and convoluted path.4

Conduction can occur through the pore space fluids, through the solid phase alone, and
through a series path from solid particle to pore fluid to solid particle. The three paths
can combine in parallel and series and the relative significance of each depends greatly on
the characteristics of the pcrous medium. The most significant media characteristics
include the thermal properties of the various solid, liquid and gas phases, porosity, fluid
saturations, and wettability. The extreme complexity of modelling the conduction heat
transfer through the complicated structure of the oil sands material causes thermal
conductivity to be best predicted by relationships fitted to experimental data garnered

from tests on materials which are as similar as possible to the actual reservoir materials® .

Convective heat transfer in porous media is the transport of energy by fluids flowing
through a porous medium in which a temperature difference exists. Convective heat
transfer can be separated into forced convective heat transfer and natural convective heat

transfer.

Forced convective heat transfer in porous media is the transport of thermal energy by
fluids flowing through the porous media under the driving force of an imposed pressure
gradient. The presence of three different fluid phases (oil, water, gas) greatly increases
the complexity of describing this process in oil sands reservoirs. There has been a large
amount of laboratory scale production testing, field piloting, and numerical modelling
resulting in considerable knowledge of forced convective heat transfer in oil sands.9

Natural convective heat transfer in porous media is the transport of thermal energy by
fluids moving through the porous media due to the influence of body forces, such as
those resulting from concentration gradients or density gradients in a gravitational field.



Natural convection in thermally stimulated oil sands deposits is expected to be buoyancy
induced flow due to thermal gradients. Additionally, heat transfer can be particularly
large when phase changes combine with natural convection, as large amounts of energy
can be transferred in the boiling and condensation zones.

Pilot plant scale and larger projects intending to utilize in-situ production from heavy oil
reservoirs and oil sands are preceded by extensive numerical reservoir modelling
examining the proposed production scheme. The numerical modellers have a
considerable amount of knowledge available to them about all the possible heat transfer
paths, except for natural convection. The intent of this work is to enhance the available
knowledge on thermal natural convection in reservoir-like materials, in particular the
natural convection of steam-water and oil-water systems.

1.2 Thermal Natural Convection in Porous Media

Natural convection of a fluid, not in a porous medium, has been studied for almost two
hundred years. Modelling of the thermal natural convection of a single fluid in porous
media has been done for less than fifty years and primarily differs from the fluid only
case in the treatment of fluid motion.” The constraining effect of the porous media
simplifies the equations of fluid motion considerably. In most circumstances the
equations of motion can be simplified to Darcy’s Law, where fluid velocity has a lincar
dependence on pressure gradient.8 Single fluid natural convection in a porous medium

79 and modelling has been

10

has been studied for many different spatial arrangements,
done using more realistic assumptions about the fluid properties.

Natural convection in oil sands reservoirs can involve two or three different fluid phases.
Multi-phase natural convection in porous media has not been thoroughly explored.
Multi-phase systems are quite different from single fluid systems, as the different phases
interfere considerably with each other’s behaviour. These effects include condensation of
a gas phase into a liquid phase, dissolution of one phase into another, and the reduction of
the effective permeability of the porous media. The natural convection of two completely
miscible fluids (one phase, two components) in porous media has been examined to a
limited extent,1 1-13 25 has the natural convection of a liquid and a condensible gas
(steam/water).M'?'O Natural convection of two immiscible liquids (oil/water) has not
been reported for the two immiscible liquids distributed throughout a porous medium,



only for two separate liquid layers not contained in a porous medium.21

1.3 Natural Convection in an Enclosed Porous Medium

A typical oil sands reservoir has a thin pay zone, but a relatively large horizontal extent.
The resulting large aspect ratio, defined as horizontal extent / vertical extent, would allow
the use of the assumption of a layer of infinite horizontal extent in describing the natural
convection occurring in the reservoir. Studies of thermal natural convection in a porous
layer of infinite horizontal extent heated from below showed convection to occur as a
large number of discrete roll cells, the dimensions of which are primarily determined by

the layer thickness.’

However, in a laboratory scale experiment the effect of horizontal confinement is, of
necessity, much greater. Horizontal dimensions of a laboratory sand pack are necessarily
limited by spatial requirements, while the necessary sand pack thickness for the
convection of viscous liquids to occur remains the same or is increased. The aspect ratio
is therefore small, particularly when compared with a typical reservoir. In order to
describe the convection mechanisms tested in a laboratory scale experiment, the effects of
the small aspect ratio must be considered. Nutural convection of a fluid in a confined
porous medium will usually occur as a few roll cells?? oras a single roll cell.23

Additionally, the confinement effects will increase the critical Rayleigh value,23 and

delay the onset of convection.
1.4 Objectives of this Study

The primary objective of this study was to increase the understanding of the thermal
natural convection of fluids in oil sands reservoirs. The particular application of this
information would be to aid the numerical reservoir modelling that is essential to
predicting the behaviour of in-situ reservoir production schemes.

These objectives were met by developing models to predict the onset of natural
convection and to predict some of the heat transfer correlations for experiments using two
fluids saturating a sand pack heated from below. Parameters for this study, as noted
below, were chosen to provide a closer look at heat transfer under conditions experienced
in the in-situ thermal recovery of bitumen or heavy oil. The three fluid phases present in



a steam stimuiated oil sa~ds reservoir are oil, water, and steam. Most commonly, there
exists a high water saturation zone bctween the zones of high oil and steam saturation.

To represent the most common situation, fluid combinations representing the oil/water
and water/steam contact zones were tested at high pressures and temperatures. The
water/steam system was examined by boiling water in a sand pack heated from below.
The oil/water system was examined by detecting the onset of convection of a mixture of
oil and water in a water wet sand pack heated from below.

Selection of higher permeability sand packs and less viscous oils than typical for oil
sands reservoirs allowed natural convection to be studied effectively in a laboratory
setting. The study concentrated on the critical parameters determining the onset of
convection and on the heat transfer correlations for the water/stcam system.

The initial series of experiments was conducted with a single fluid, water, in order to
provide baseline performance. Three fluid combinations were studied: water/steam,
tetrachloroethylene/water and Mentor 29/water. Tetrachloroethylene and Mentor 29, a
light oil, were selected as they are immiscible in water. The sand packs used in the
experiments were: 40-70 quartz sand, packed to 32.4% porosity and 26.5 Darcy (26.5 x
10712 m2) permeability; 6-9 quartz sand, packed to 34.0% porosity and 2100 Darcy
(2100 x 10-12 m2) permeability; and 6-9 quartz sand packed to 33.4% porosity and 1950
Darcy (1950 x 10712 m2) permeability. During the course of the experiments
temperatures reached 190°C and pressures reached 2 MPa. To provide calibration and
baseline information, five experiments were done with water alone. Eight experiments
were done with water/steam, eight with water/tetrachloroethylene, and eleven with
water/Mentor 29.

The initial single fluid experimental series was used to provide corroboration for
conventional analytical and numerical models of the onset of convection and heat transfer
rate. The conventional onset of convection model was altered in this study by changing
the relationship used to describe the fluid viscosity dependence on temperature. The
alteration was introduced to improve the utility of the conventional model when applied
to experimental results. The water/steam system was analytically modelled using
interface stability concepts to predict the convective behaviour of and the heat transfer
correlations for the system. The experimental results from this study and carlier studics
published by others were used to corroboraic these models and to provide key parameter
values. A novel analytical and numerical model of the onset of convection was



developed. The model was based on relative permeability concepts, and to corroborate it,
experiments with two different pairs of immiscible fluids were conducted.



CHAPTER 2. LITERATURE SURVEY

The thermal natural convection of fluids has been studied experimentally, analytically
and numerically. These examinations have encompassed a large number of possible
spatial arrangements, such as heated from below, from the side; uniformly within
(reactions, irradiation, etc.), and by immersed bodies. Additionally, studies have
investigated transient and/or steady state heat transfer. The fluids used have ranged from
pure water and other liquids, to gases, to miscible and immiscible mixtures, and to
discrete layers of immiscible liquids. In most of the investigations, the fluids were not
constrained by a porous medium, but a large amount of work has been done to cxamine
thermal natural convection of fluids in a porous medium. The tremendons amount of
literature published on the topic of thermal natural convection requires the restriction of
the literature survey to the steady state thermal natural convection of fluids in a porous
medium heated from below. Some discussion of the fluid only case will be presented as
an introductory measure.

2.1 Single Fluid Natural Convection

The steady state thermal natural convection of a single fluid layer heated from below was
first examined by Rayleigh.24 Natural convection in this situation cccurs when the
temperature gradient is large enough for the buoyancy forces to exceed the viscous shear
forces. Rayleigh developed a dimensionless number that represented the balance of
forces (Ragf) and determined the critical value for the point of marginal stability (onset of
convection) of an ideal fluid layer of infinite horizontal extent . The Rayleigh number is
a dimensionless group that is the product of the Grashof and Prandtl numbers. The
Grashof number represents the ratio between buoyancy ard viscous forces, and the
Prandtl number represents the ratio of the fluid’s momentum diffusivity (viscosity) to its
thermal diffusivity. Rayleigh’s technique was to linearize and simplify the equations of
conservation of mass, momentum, and energy, and then solve for the critical Rayleigh
value at the point of instability. An ideal fluid was defined as one with constant
properties except for the effect of thermally induced density variations on the buoyancy
force (Boussinesq approximation).25

2.2 Single Fluid Natural Convection in a Porous Medium

Natural convection of a single fluid in porous media differs from the fluid only case in the



treatment of fluid motion. The constraining effect of the porous media simplifies the
cquations of fluid motion considerably. In most circumstances the equations of motion
can be simplified to Darcy’s Law, where fluid velocity has a linear dependence on driving
force and porous media pcrmcability.8 Darcy’s Law fails when fluid velocities become
high enough for inertial effects to be significant. Suitable extensions to Darcy’s Law are

then implemeited to allow an adequate description of the fluid motion within the porous

mcdium.26'27

2.2.1 Onset of Convection

A description of the onset of convection in a porous layer of infinite horizontal extent
heated from below and saturated with an ideal fluid was first attempted in 1945 by
Horton and Rogers.?‘8 Lapwood, in 1948, also described a similar systcm,7 using the
technique first developed by Rayleigh24 for a fluid that is not constrained by a porous
medium. Lapwood used Darcy’s Law and found a modified dimensionless Rayleigh
number that reflected the changes in the equations of motion. He determined the critical
value for the onset of convection in a porous layer of infinite horizontal extent, saturated
with an ideal fluid, heated from below (Ra_ = 39.5). Values of the modified Rayleigh
number have little to do with the original Rayleigh number and henceforth the modified
Rayleigh number will be referred to as the Rayleigh number. The Rayleigh number is

defied as:

Ra =g, k B (Thot - Trop ) L 02 Cpl/ (ot Am) 2.1

Other researchers later attempted improved descriptions and experimental corroboration.
1t was not until 1966 that Katto and Masuok329 found the correct form for the effective
thermal diffusivity of the system that allowed experimental corroboration. Katto and
Masuoka29 corroborated their results by an experiment using nitrogen gas as the fluid in
a high permeability porous medium. Since gas viscosity has less temperature dependence
than liquid viscosity, their predictive model ignored viscosity variations. Additionally,
the high permeability porous medium they used enabled the utilization of a cell of high
aspect ratio. This high aspect ratio allowed their model to ignore confinement effects.
Considerable effort has been expended on describing the combined effects of temperature
dependent properties and confinemem,l4’23’30'32 with success being primarily

dependent on how closely the assumptions matched the experiment.



2.2.2 Heat Transfer Rates

The prediction of heat transfer rate at supercritical Rayleigh numbers (after the onset of
convection) has been studied by many researchers.1426,27,33-38 Ap excellent review of
natural convection heat transfer in porous media was done by Chcng39 in 1978.
Experiments have shown that when fluid velocity levels are high, models based upon
Darcy’s law do not accurately predict heat transfer rates and that models utilizing
extensions to Darcy’s 1aw29-27 need 10 be used. A flow model by Bau!4 found the
amplitude of fluid motion and hence heat transfer rate by using power integral techniques
to extend the linearized equations, used for predicting the onset of convection, that
described the form of the fluid motion. This method is applicable for Rayleigh numbers

of up to approximately five times the critical Rayleigh value. 37:40

2.2.3 Confinement Effects

Natural convection in a porous layer of infinite horizontal extent occurs as a large number
of discrete roll cells, the dimensions of which are primarily dependent on the layer
thickness.” However, natural convection of a fluid in a confined porous medium will
usually occur as only a few roll cells, and often as a single roll cell which occupies the
entire porous medium.22:23 Additionally, the confinement effects delay the onset of
convection, thus increasing the critical Rayleigh value. The isotherms and streamlines
that delineate the roll cells found in natural convection are shown as a schematic in
Figure 2.1.

Different confinement geometries have been used in studies of confinement effects, with
most being either rectangular or cylindrical. Beck, in 1972,22 examined the natural
convection of a fluid in a rectangular box, filled with a porous medium, heated from
below. He found the preferred forms of fluid motion to be square roll cells. Holst and
Aziz, in 1972,25 conducted an experimental and numerical study of convection in a
rectangular porous medium. Later studies in rectangular boxes tended to concentrate on
the transitions through the fluid motion modes at higher Ra valyes.41-43
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Zebib, in 1978,23 published an excellent theoretical model of natural convection in a
cylindrical porous medium heated from below. He found the predominant fluid motion
modes to be asymmetric, and the critical Rayleigh value to increase for small aspect
ratios. Bories and Deltour, in 1979,44 examined the case of a cylindrical porous medium
confined in an infinite slab. Bau and Torrance, in 1982,45 published a theoretical and
experimental study on the natural convection of water in a cylindrical porous medium
heated from below, in which the top surface was isothermal and permeable. The
correlation between experiment and model was limited, as viscosity variation effects were
not considered.

2.2.4 Viscosity Variation Effects

The effects of the variation of viscosity with temperature on thermal natural convection
of a fluid in a porous layer was first theoretically studied by Rogers and Morrison in
1950,46 using an exponential relationship between viscosiiy and temperature. The
enhanced analysis improved their comparison between experimental results and theory.
An empirical viscosity-temperature relationship was used by Kassoy and Zebib in their
1975 theoretical study.m They found that the critical Rayleigh value was reduced from
39.5 (constant viscosity) to 8.9 (variable viscosity) for a water saturated layer of infinite
horizontal extent with upper and lower boundary temperatures of 25°C and 275°C. Zebib
later applied the analysis to a porous medium confined in a rectangular box,32 and then to
a cylindrical porous medium?3 and similar Ra_ reductions were noted. In 1977, Straus

47 in which all

and Schubert conducted a theoretical analysis of geothermal convection
the fluid properties were allowed to vary and they found a reduction in Ra, of up to 31
times. Wooding, in 1957,48 used a numerical model of a specific New Zealand
geothermal area that included an empirical dependence of viscosity on temperature.
Holst and Aziz, in 1972,25 conducted a numerical and experimental investigation into
convection in a rectangular porous medium that included variable viscosity effects.
Sorey, in 1976,38 numerically studied the onset of convection and the heat transfer rate in
a confined box and included tabulated viscosity values. The results of his numerical
study clearly illustrated the importance of the viscosity variation effect on the onset of

convection.

Gary et al33 found the effect of viscosity variation on heat transfer rates to be manifested
primarily through the critical Rayleigh value and the predicted fluid velocity profiles at
onset. In confirmation, an examination of the illustraiions published by Sort:y38 show
his reported increase in heat transfer with an increase in viscosity variation was due

11



primarily to a shift in Ra,. to lower values.
2.2.5 Boundary Condition Effects

Several different thermal boundary conditions have been used for the study of a confined
porous layer heated from below. Usually, the side walls have been considered
adiabatic,22’23’25 43 50 as to avoid any effects of an imposed horizontal temperature
gradient. Bories and Deltour,44 however, considered a cylindrical porous medium
contained in an infinite slab of finite conductivity. The common thermal boundary
conditions used for the upper and lower surfaces are to assume they are isothermal.
However, Ribando and Torrance3! also examined the case of uniform heat flux through
the lower surface of the porous medium. Also, Riahi4? examined a porous layer of
infinite horizontal extent sandwiched between two semi-infinite volumes of finite
conductivity. The volumes were assumed to initially be at steady state conditions just
prior to the onset of convection. Theoretical analysis shows that non-isothermal
boundary conditions reduce the critical Rayleigh value. 3149

Several different flow boundary conditions have been used for the study of a confined
porous layer heated from below. The side walls have universally been assumed to be
impermeable (no flow boundary conditions). The flow boundary conditions for the
horizontal surfaces have been assumed to be either impermeable or permeable. The most
common boundary condition sets have been either both surfaces assumed
impenneab.le,l0’22’23’25 or the lower surface assumed impermeable and the upper

permeable (reduced Rac).14’40’45
2.3 Steam/Water Natural Convection in a Porous Medium

Liquid which saturates a porous medium heated from below will begin to boil when the
temperature of the lower surface exceeds the liquid boiling point. Boiling in moderately
permeable porous media creates an almost isothermal two phase (vapour/liquid) zone in
which the vapour rises as bubbles from the bottom surface to the top of the two phase
zone, where it condenses and flows downwards as a liquid.18 The overlying liquid zone
position is maintained by the condensation of penetrating vapour fingers as they enter the

colder liquid zone.>0 '
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Sondergeld and Turcotte, in 1977,16 conducted an experimental study of the boiling of
water in a rectangular sand pack heated from below. They found a convective overlying
water zone. They modelled the two phase zone as one-dimensional, and attempted to
explain the ovellying water zone convection using a flawed buoyancy argument. They
conducted a later visualization study19 which confirmed the overlying water zone
convection, and that it was triggered by the onset of boiling. Bau and Torrance, in
1981,18 experimentally studied the boiling of water in a cylindrical porous medium.

17 where

They found no evidence of overlying water zone convection until a later study
convection occurred prior to boiling. They modelled the two phase zone in a similar
manner to Sondergeld and Turcotte. Udell, in 1985,15 published a one dimensional
theoretical analysis of the two phase zone that more accurately modelled the fluid
behaviour. He extended the simple relative permeability models and saturation
relationships previously used. Schubert and Straus, in 1977,20 published a study of the
convection of a steam/water mixture in a geothermal system. They found the steam/water

system to convect more readily than the water only system.
2.4 Two Immiscible Fluids Natural Convection in a Porous Medium

Natural convection of two immiscible liquids (oil/water) has been studied only as two
separate layers not contained in a porous medium.2! The natural convection of two
immiscible liquids (i.e. oil/water) distributed throughout a porous medium has not been
previously reported. The naturai convection of three or more fluid phases (oil/water/gas)
in purous media has also not been documented.

2.5 Literature Survey Summary

The documentation of the natural convection of a single fluid saturating a confined
porous medium heated from below is quite complete. Previous treatments of variable
viscosity effects have been laborious in application to analysing experimental results.
Published treatments of the natural convection of steam/water systems in moderately
permeable porous media heated from below have concentrated primarily on the two phase
zone and descriptions of the overlying water zone have not been adequate to predict its
behaviour. There has been no published work on the natural convection of a mixture of

two immiscible liquids in a porous medium.



2.6 Studies Performed in this Work

This study examined the natural convection of a single fluid, water, in a confined
cylindrical porous medium heated from below as an experimental baseline for following
experiments. Additionally, a new treatment of the variable viscosity effect allowed the
development of a model for the rapid prediction of single fluid natural convection for
different fluids and different temperatures.

The natural convection of steam/water systems in a porous medium heated from below
was then examined. Relationships, based on interface stability, were used to form models
used to predict the heat transfer mode and Nusselt number of the overlying water zone

were developed.

Finally, the onset of natural convection of mixtures of two immiscible liquids in a
confined porous medium heated from below was experimentally determined. Relative
permeability extensions to the single fluid model developed during the single fluid
portion of this study were found to adequately describe the behaviour of the system.

14



CHAPTER 3. EXPERIMENTAL APPARATUS

The experiments were performed in a vertically standing cylindrical heat transfer cell. A
cross-section of the shell is shown in Figure 3.1. The sand pack was sandwiched between
two calibrated heat flux meters, which were also sandwiched between two, constant
temperaturc', horizontal surfaces. Provisions were made to apply a controlled overburden
pressure to the sample, and to control the sample’s pore fluid pressure. Most oils convect
less easily than water and in order for them to convect the sand pack must be taller or the
imposed temperature difference greater than that required for water convection. Hence,
the cell was made as tall as possible and the cell was designed to operate at temperatures
of up to 190°C. The high temperature required that the cell be built to withstand pore
fluid pressures of up to 2 MPa, as the pore fluids were to be maintained as liquids in
many experiments. Overburden pressures of 100 to 200 kPa above the pore fluid
pressures were applied both to ensure particle to particle contact (critical to consistent
thermal conduction behaviour) and to avoid bed fluidization. In the following, a bricf
description of the cell is given. A complete description of the cell and operating
procedures can be found in Appendix A. The process used to calibrate the heat transfer
cell is described in Appendix B.

The cell wall has an inner diameter of 0.45 m, and was made of an asbestos-cement water
pipe internally clad with 26 gauge 316 stainless steel lined with Dow-Corning 730 fluoro-
silicone rubber. The asbestos-cement water pipe was the largest that could be readily
obtained with an adequate pressure rating. The optimum height for a given pack diameter
occurs when the convection enhancement of greater height and the convection
suppression of the resulting smaller aspect ratio are balanced. The optimum height for
the convection of water in a 0.45 m diameter sand pack was calculated, using the
equations presented later in this work, as 0.67 m, and the sand pack height was fixed at
that value.

Both the top and bottom surfaces of the cell wall were seated against gaskets located in
upper and lower heating/cooling heads. The upper and lower heating/cooling heads were
clamped between flanges by studs. The studs were tightened with a hydraulic stud
tensioner.

15
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The upper heating/cooling head contained a piston assembly that applied overburden
pressure. Both the upper and lower heating/cooling heads had their temperatures set and
maintained by computer controlled electric heaters. Additional temperature control of the
heating/cooling heads was obtained by flowing cooling water through the upper
heating/cooling head and hot Dow-Corning 210H silicone oil from a Haake N3-B
circulator through the lower heating/cooling head. The upper and lower heating/cooling
heads also contained six injection/extraction ports each, through which pore fluids were
pumped to saturate the sand pack and to control the pore fluid pressure when the cell was
operating.

A heat flux meter separated the bottom of the sand pack from the constant temperature
lower heating/cooling head. Another heat flux meter separated the top of the sand pack
from the constant temperature upper heating/cooling head. The heat flux meters were
discs made of Colorceran, a robust, inorganic mixture of calcium, aluminum, silicate and
asbestos fibres. The thermal conductivity of this material was measured by both Tempest
Engineering and the Institute for Research in Construction, National Research Council of
Canada. The results of the measurements were obtained too late to be used in the
calibration of the heat flux meters and are not reported in this work. Sand pack
temperatures were monitored by layers of thermocouple probes distributed throughout the
pack. There were four layers of probes in the initial experiments and six layers in the
later experiments.

The cell wall was surrounded by a 0.09 m thick layer of mineral wool insulation and then
a 7.6 mm wall thickness steel pipe that functioned as a containment system and as a
thermal guard. The guard pipe had one cooler attached to its upper outer surface and
three temperature controlled electric heaters fastened to its outer surface, at the top, the
middle, and the bottom. Guard heaters were controlied by stand alone controllers such
that there existed no more than a 5°C temperature difference across the insulation
between the cell wall and guard. The outer perimeter of the complete cell assembly was
enclosed in a three piece fibreglass insulation assembly. The minimum thickness of this
assembly was 0.15 m.

The complicated structure of the cell wall was developed to overcome scvere leakage
problems. Considerable gasket seating surface damage to the ends of the asbestos-cement
pipe resulting from the high gasket seating stresses required the use of stainless steel
rings as gasket seating surfaces. The stainless steel cladding was welded to the rings 1o
seal them. The cladding buckled against the asbestos-cement pipe under the gasket



seating load and caused small cracks to develop in the many welds in the cladding. The
small cracks were sealed by applying the fluoro-silicone rubber lining. This system
stopped the leaks through the cell wall, but extensive gasket leaking persisted until a
sophisticated multi-piece system was utilized. The sophisticated gasketing system
included Flexitallic gaskets, Loctite 515 Gasket Eliminator sealant, Nomex sand control

collars and Teflon collapsible O-rings.

Primary control and data acquisition were handled with 2 Hewlett-Packard 3054A data
acquisition and control system. The system was used to record thermocouple
temperatures and pressures, and to control the primary heaters in the heating/cooling
heads. The system was designed to be operator-independent, as steady state for each data
point usually took ten to fourteen days of continuous uninterrupted operation to achieve.
The long duration of each experiment made the reliability of the apparatus and control
system critical, and did not allow for the use of manua! control of the critical operating

parameters.

The initial series of experiments showed the rates of heat transfer measured by the upper
heat flux meter were inaccurate, due to the effect of the overburden assembly. The
overburden assembly conducted heat through its thick cylinder walls of stainless steel and
through its cylinder fluid. The parallel heat flow combination disrupted the heat flow
path through the upper heat flux meter. The use of the upper heat flux meter was then
discontinued and the thermocouple points freed up were utilized by replacing the four
layers of probes initially used to measure sand pack temperatures with six layers of
probes. An analysis of the experimental errors was done during the development of the
heat transfer cell? ,and the experimental uncertainty was found to be £7.2 % for a
conductive state in the 0.67 m tall heat transfer cell.
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CHAPTER4. NATURAL CONVECTION OF A SINGLE FLUID
IN POROUS MEDIA

Fluid saturating a porous medium heated from below will be cold and dense at the top
and hot and less dense at the bottom. This potentially unstable arrangement is tempered
both by the fluid viscosity resisting fluid motion and by thermal diffusivity damping
thermal disturbances. Onset of convection will not occur until the destabilizing effect of
the temperature gradient overcomes these stabilizing factors. Fluid in a confined porous
medium heated from below has a certain mode of movement that is the least stable. The
aspect ratio (radius/height) of the heat transfer cell used in these experiments resulted in
the least stable mode at the onset of convection incorporating flow up one side of the cell
and down the other, as shown as mode 1 in Figure 4.1. As the applied temperature
gradient is steepened fluid motion occurs in other modes. For example, the third mode of
motion in a cell of the present configuration is flow up the centre and down the sides, as
shown as mode three in Figure 4.1. The least stable mode of motion can be predicted by
modelling the system, or be determined by analyzing the temperature contours from an
experiment.

Onset of convection occurs at a critical value of the Rayleigh number (Ra,). Heat
transfer is by conduction alone when Ra is less than Ra, and by conduction and
convection for values above Ra.. The Rayleigh number (Ra) is a dimensionless group
that is the product of the Grashof and Prandtl numbers. The Grashof number represents
the ratio between buoyancy and viscous forces, «nd the Prandtl number represents the
ratio of the fluid’s momentum diffusivity (viscosity) to its thermal diffusivity. The
Rayleigh number commonly used to describe natural convection of a lone fluid was
modified by Lz:lpwood7 to form the Rayleigh number used in the study of natural
convection in porous media. The modifications take account of the differences in both
the equations of motion and, hence, inertial forces, and the thermal diffusivity.
Unfortunately, the porous media Rayleigh number does not represent the natural
convection of a single fluid in a porous medium as well as the lone fluid Rayleigh
number represents lone fluid natural convection. Much larger temperature differences are
required to initiate the natural convection of viscous liquids in a porous medium heated
from below than are required for a fluid not confined in a porous medium. The larger
temperature differences result in larger variations in viscosity and correspondingly larger

variations in the critical Rayleigh number values. 10
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Mode 1 Mode 2 Mode 3

Figure 4.1 Convective Mode Planforms in a Cylindrical Porous Medium Heated from

Below
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The Nusselt number (Nu) is a dimensionless group representing the ratio of the actual
heat transfer rate to the rate if only conduction were occurring. Therefore, for Ra values
below Ra ,, Nu equals one, and for Ra values above Ra_, Nu is greater than one.

4.1 Single Fluid Model

Natural convection of a single fluid in a cylindrical porous medium heated from below
can best be modelled in two parts. The first part is the onset of convection, the point at
which large scale fluid motion begins. The second part is the rate of heat transfer after
the onset of convection, which varies with the mass flow rate of the convective motion.

4.1.1 Onset of Convection

Zebib, in 1978,23 published a theoretical model of the natural convection of waterin a
cylindrical porous medium heated from below. His work was used in this study as the
basis for the analysis of the onset of convection of a single fluid in a porous medium.
Unfortunately, direct use of Zebib’s model for analysis of the experiments conducted in
this study would be very time consuming. This is because Zebib’s treatment of the
effects of viscosity variation require the complete numerical solution of his model for
every bottom and top temperature combination considered in the iterative procedure used
to predict Ra_ for each actual experiment. Additionally, the application of Zebib’s
method to a fluid other than water would require the insertior. of the fluid’s viscosity-
temperature relationship into the model. Both of these difficulties with the actual
application of his work to this study forced the development of a more "user-friendly”
model.

Thus, in this study, a model of the natural convection of a single fluid in a porous
medium was developed that included a novel viscosity-temperature relationship
applicable to all the liquids used. The relationship was an exponential approximaticn of
the viscosity variation, based on the ratio between the fluid viscosity at the top
temperature and the fluid viscosity at the bottom temperature. The viscosity variation
relationship developed was:

4.1
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where:
p = fluid viscosity at intermediate temperature [Pa s]

fluid viscosity at upper (cold) temperature [Pa s]
= fluid viscosity at lower (hot) temperature [Pa s]
T = intermediate temperature [°C, K]

upper (cold) temperature [°C, K]

lower (hot) temperature [°C, K]

£ &
|

S
o

This new viscosity variation relationship allowed the modelling of the onset of natural
convection for a given viscosity ratio of any liquid. The relationship developed in this
study approximated the actual viscosity much more closely than other possible
simplifying assumptions, such as: constant viscosity at the cold temperature value,
constant viscosity at the average temperature value, and linear viscosity variation with
temperature. The relationship, however, does not approximate the actual fluid viscosities
nearly as well as the empirical relationship used by Zebib.23 The viscosity predictions of
the various simplifying assumptions and the actual fluid viscosities for water between
25°C and 130°C are plotted in Figure 4.2. Actual fluid values are plotted, but they can be
regarded as the predicted results of the empirical relationship used by Zebib. Critical
Rayleigh value predictions based on the constant viscosity assumptions can be in great
error. A comparison between a Ra, prediction based on the new viscosity variation
assumption and one based on Zebib’s work, presented later in this study, showed good

agreement.

The complete derivation of the model for predicting the onset of convection of a single
fluid in a porous medium heated frcm below is presented in Appendix C. The initial
assumptions used to derive the model are that Darcy’s Law of fluid motion holds, the
Boussinesq density approximation25 is valid, the viscosity varies as described earlier, and
all other fluid and solid properties are constant. The Boussinesq approximation assumed
the effects of fluid density variation with temperature were only felt in the buoyancy
term. The cylindrical porous medium is assumed to occupy the region bounded by: -L <
z<0;0<r<R;and 0 < ¢ <2r, as illustrated in Figure 4.3.
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Figure 4.3 Sand Pack Layout
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The dimensional conservation equations used to describe the low velocity motion of a
single fluid in a porous medium and heat transfer in the medium are:

Conservation of mass: op° +V -(p@°)=0 ‘2
at*
Conservation of momentum:
e O -F-vp-Ei 43
¢, ot k
Conservation of energy:
(pCy).. g; +4(pC,) @V T=A V2T a4

Substituting in the viscosity-temperature relationship, normalizing, simplifying,
linearizing and examining only the vertical component yield the following dimensionless

equation:

0=Rav:euy - +In u?{zV‘?(—g%) +Vio 45

where:

Ra = Rayleigh number = [g, k B (Tyoq - Tyop ) L P2 Cpl / (1 Apy)
V120 =V2()-2%) /3

6 = perturbed temperature (((T - Tgy) + (T - T())(z*/ INATy - Tg))
MR = viscosity ratio (p'top Mpot )

z =dimensionless height (za‘< /L)



Modelling of the test pack was done using two sets of boundary conditions. The first
boundary condition set used was the one’ commonly used for the convection of a single
fluid in a confined porous medium heated from below; the sidewalls were assumed to be
adiabatic and impermeable, and the upper and lower surfaces were assumed to be
isothermal and impermeable. Additionally, an attempt to model more accurately the
effect of the heat flux meters was made by developing a unique, second set of boundary
conditions. The top and bottom boundaries of the sand pack were assumed to be
separated from the isothermal, impermeable surfaces by an impermeable layer of finite
thermal conductivity. The linearized dimensionless boundary conditions are:

Boundary Conditions: Set 1; Isothermal:
@z=0: 6=0;V29=0

@z=-1: 6=0;V20=0

@r=s: 89/8r=0;6V26/8r=0

4.6

Boundary Conditions: Set 2; Finite Conductive Layer:

@z=0: 00/dz=-08; V20=0

@z=-1: 06/dz=06; v20=0 4
@r=s: 00/dr=0; aV2e/or=0

The next step was to separate variables using:

0 = g{z) J (A1) cos(mo) 4.8

where:

J;, = Bessel function of first kind

r =dimensionless radius (r*/L)

A =eigenvalue

m = mode of Bessel function

¢ =angle

g = height function

z =dimensionless height (z*/L)

s =dimensionless outer radius (R/L)
o =Ry /L) /Ry, /L)
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The simplified equation describing the fluid motion then becomes:

gV - 2zl gfff - 202 g1 + 222 Inpp gt + (A1 - (AP Ra)gHIg = 0 49
and the boundary conditions become:

Set 1; Isothermal:

@z=0: g0)=0; gi©)-1?g0)=0
@z=-1: g(1)=0; gh-1)-22g(1)=0 410
@r=s: J’(?»s) 0

Set 2; Finite Conductive Layer:

@z=0: gi(0)=-ag0); g'(0)- x2g<0> 0 Al
@z=-1: g-)=ogl); glc1)- A2 g(-1)=0
@r=s: Jml(ks)—O

where s = aspect ratio of porous medium =R/L .

The planar cylindrical boundary condition equations @ r = s are Bessel function roots and
have been tabulated in many handbooks.>! The fourth order lincar ordinary differential
equation in g(z) does not have an analytical solution and must be solved numerically as a
boundary value problem with conditions as at z = and z = -1. Finite difference methods
based on separation of the fourth order problem into two coupled second order equations
were attempted but were unstable and did not work. The technigue successfully used for
this boundary value problem is a modification of the shooting technique developed by
Kalaba>? to solve linear boundary value problems. His method was to solve a series of
unique initial value problems and linearly combine (superimpose) them to give the
correct boundary values and, hence, the solution. The linear combination of solutions 1s
valid for linear equations only. The four initial value problems for the present work were
solved by a 4th order, 100 step Runge-Kutta technique. The four solutions were then
combined to give the proper boundary values, if possible. The critical Rayleigh valuc
was the lowest non-zero Rayleigh value that allowed a solution. The critical Rayleigh
value was found by treating it as the lowest root of the lisicar superposition process. This
was done numerically with a Newton-Raphson technique. This method is more clearly
illustrated below:



Four initial value problems (02z2-1):
2) g(0) = 1; £(0) = g0) = £1(0) = 0

b) g(0) = 0; g(0) = 1; gli(0) = g(0) =0
412

¢) g0) = g(0) = 0; gli(0) = 1; g11(0) = 0
d) g(0) = £(0) = gii(0) = 0; glii(0) = 1

The four initial value problems are linearly combined to satisfy the z = 0 boundary
conditions and the final solution values ( Runge-Kutta ) at z = -1 are combined with the
same relationship. The combined final solution values are compared with the boundary
conditions at z = -1 and the input value of Ra modified ( Newton-Raphson ) until a match
occurs. Critical Rayleigh values for viscosity ratios from one to ten and for the first
seventeen modes of convective motion were found for the isothermal boundary condition
case and are presented in Appendix D. It should be noted that the tabulated values are
limited to a cell of 0.343 aspect ratio with impermeable, isothermal upper and lower
surfaces. Interpolating between the tabulated values allowed the rapid prediction of the
critical Rayleigh value. This was done by estimating the Ra, calculating the lower (hot)
surface temperature, finding the corresponding hot fluid viscosity, calculating the
viscosity ratio, and finding the new predicted Ra,. This process was iterated until the
Ra, value stabilized at the final predicted value of Ra,..

The new viscosity variation assumption was verified by comparing the new method’s
results with Zebib’s2 results for a water saturated cylindrical porous medium of 0.343
aspect ratio with a 125°C bottom temperature and a 25°C top temperature. Zebib's
method was used to predict a critical Rayleigh value of 23.2. The evaluation of Zebib’s
method was done using the graphical information from his papers,23’32 as he suggested,
and the determination accuracy was probably about + 0.5. The new model predicted a
critical value of 24.2. The small difference, 4.3%, clearly showed the new method’s
validity. Both methods predicted a critical Rayleigh value of 52 for the constant viscosity
case. The new viscosity variation relationship reliably predicted Ra,, for a large viscosity
variation that reduced Ra,. 10 45% of its constant viscosity value. This performance is
adequate for the experimental conditions encountered in this study. Details of the

calculations for the comparison are shown in Appendix E.



4.1.2 Heat Transfer Rate

When fluid velocity levels are high, models based upon Darcy’s law do not accurately
predict heat transfer rates and models utilizing extensions to Darcy’s 1aw26:27 are used.
The low permeability sand packs used in this study allow the use of models based on
Darcy’s law. A flow model by Baul4 was used in the present study to find the amplitude
of fluid motion and hence heat transfer rate by using power integral techniques to extend
the linearized equations previously used for finding the onset of convection. This method
is applicable for Rayleigh numbers of up to approximately five times the critical Rayleigh
value,37'40 which is well above the maximum Rayleigh number measured in the present
study. No extensions of the theory nor development of new models was done in this
section.

14 was applied to the

The constant viscosity power integral extension technique of Bau
fluid velocity profiles resulting from the variable viscosity, onset of convection model.
The application of this technique revealed that the isothermal boundary conditions model
and the finite thermal conductivity layer boundary conditions model resulted in the same

set of equations, presented below:

Nu=1.0+(1.0- {Ra,/Ra}) [1;2/ (15 -1;%)]

where:

I = g (gii - A2 g) dz limits of integration: -1 t0 ()

I = f g2 (gii - A2 g)2 dz limits of integration: -1 to O

I; and I, are numerically integrated in a trapezoidal scheme from the output of the linear
stability analysis for both scts of boundary conditions. The final Nusselt number
equation is different for the two boundary conditions as the integrals are different for each

set of boundary conditions. Complete details of the derivation of the heat transfer rate
equations are shown in Appendix F.



4.2 Single Fluid Experiments

This study utilized a 40-70 Unimin (quartz) sand pack of 26.5 Darcy (26.5 x 10° 12 2y
permeability and 32.4% porosity. The sand pack porosity was calculated based on the
mass of the sand pack, from a mass balance during packing, and the known volume of the
heat transfer cell. The sand pack permeability was calculated from the results of the
permeability and porosity testing of 25.4 mm diameter, 254 mm long sample cores taken
from sand packs made with the same sand, the same packing techniques, and the same
cell walls. The dry sand was packed into the cell using a particle distributor, as described
by Wygal.53 The sand pack was then saturated to 99.25% with de-ionized water.
Saturation was checked by injecting a known volume of water and measuring the

pressure rise.

Five experiments, denoted W-S #1-#5, were done. They were done to supply enough
data to test adequately the models that were used in the analysis of further experiments.
The first two experiments were done with the sand pack heated from the top, in which the
temperature gradient stabilizes the fluid and the Rayleigh number is negative. These
experiments were certain not to have convection occurring and were conducted to
determine the thermal conductivity of the matrix. The next two experiments were done
with the sand pack heated from the bottom which yielded positive, but subcritical
Rayleigh numbers. A fifth experiment was done with the sand pack heated from the
bottom and yielded a positive and supercritical Rayleigh number. For the first four
experiments the Nusselt number was 1.0, while for the last it was 1.76. Isotherms that
were flat for the first four experiments became steeply inclined at angles up to
approximately 45° to the horizontal for the fifth experiment, as shown in Figure 4.4. The
inclined isotherms appeared three days after the start of the experiment, long before
steady state was reached. The early appearance of the inclined isotherms was used as a
qualitative indicator of convection, but steady state Nusselt numbers are more reliable
and informative. The detailed analysis of the experimental work is presented in
Appendix G. Non-dimensional results for the five experiments are shown in Figure 4.5.
These results indicate that the actual critical Rayleigh number for this system must fall
between 21.8 and 27.0. |
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Figure 4.4

Convective Isotherms (Elevaticn), Water in Sand, Run W-§ #5
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Figure 4.5

Ra

Measured Heat Transfer Rates, Water in Sand, Runs W-S #1-#5
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4.3 Single Fluid: Comparison of Results
4.3.1 Onset of Convection

The onset of convection of water in the sand pack contained in the heat transfer cell was
predicted based on three separate cases. All three cases shared the assumptions that the
cell walls were adiabatic and impermeable, the top and bedom confining surfaces were
impermeable, all properties, excepting density and viscosity, were constant, and the
Boussinesq approximation?'5 was invoked. The first case assumed the top and bottom
surfaces were isothermal and the water viscosity to be constant; the critical Rayleigh
value was predicted to be 52.08. The second case assumed the top and bottom surfaces
were isothermal, but the water viscosity to be variable, which resulted in a critical
Rayleigh value prediction of 24.78. The third case assumed both the top and bottom
boundary had a layer of finite thermal conductivity between it and an isothermal surface
and a variable water viscosity. The third case, with its novel boundary conditions used to
more accurately model the heat flux meters, resulted in a critical Rayleigh prediction of
22.27. For details on these calculations see Appendix C.

The experiments determined that the actual critical Rayleigh number must fall between
21.8 and 27.0. The prediction based on the first, constant viscosity case is in complete
disagreement. Both the second and third cases predicted a critical Rayleigh value within
the measured range. Results of the second and third cases are plotted along with the
experimental results in Figure 4.6. With only one experimental point it is impossible to
differentiate truly between case 2 and case 3.

4.3.2 Heat Transfer Rate

Both the isothermal boundary condition (case 2) and the finite conductivity layer
boundary condition (case 3) model results were used to predict heat transfer rates.
Results of these two predictions are plotted along with the experimental results in Figure
4.7. Both predictions apparently under-predict the actual results, but with only one
experimental data point, clear determination of this was not possible. The finite
conductivity layer prediction (heat flux meter effect) appears to be the more accurate, but
not sufficiently more to be worth using. Models and calculations are presented, in detail,
in Appendix G.
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Figure 4.6  Comparison of Predicted and Measured Critical Rayleigh Values, Water in
Sand, Runs W-S #1-#5
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CHAPTERS5. NATURAL CONVECTION OF
LIQUID/CONDENSIELE VAPOUR

A liquid which saturates a porous medium heated from below begins tc boil when the
temperature of the lower surface exceeds ihe fiquid boiling point. Boiling in the
moderately permeable porous media predominantly considered in this study creates an
almost isothermal two phase (vapour/liquid) zone in which the vapour rises as bubbles
from the bottom surface to the top of the two phase zone, where it condenses and flows
downwards as a liquid.14 A schematic of this system is shown in Figure 5.1. The zone is
not perrectly isothermal because of superheating, subcooling and the effects of capillary
pressure. Vapour pressure of the fluid is dependent on the capillary pressure, which
depends upon the liquid saturation. As the liquid saturation varies throughout the two
phase zone the capillary pressurc and hence vapour pressure, boiling point, and
temperature vary.15 The capillary pressure of the bubbles can fluidize the porous
medium unless an overburden pressure exceeding the capillary pressure is placed on the
medium.!4 In the present study an overburden pressure of 100 kPa above pore fluid

pressurc was applied to the sand pack.

If the heat flux into the lower surface is increased, eventually a point will be reached
where the rate of boiling is greater than the rate at which liquid can trickle down to the
lower surface. At this point a single phase vapour zone will form at the lower surface.
This is referred to as dry out.10 If the thermal conductivity of the liquid saturated media
is such that at the boiling point the heat flux is greater than the dryout heat flux then a two
phase zone will not develop, only a lower vapour zone and an upper liquid zone. In high
permeability sand packs the two phase and/or dry vapour zones may reach to the upper
surface of the sand pack. In low permeability sand packs an overlying liquid zone
develops above the two phase zone. The overlying liquid zone position is maintained by
the condensation of penetrating vapour fingers as they enter the colder liquid zone.>0
The quantitative permeabilities required for "high" or "low" behaviour depend on the
thermal characteristics of the porous medium and saturating fluid.
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Figure 5.1 Schematic of the Natural Convection of a Liquid/Vapour in a Porous
Medium Heated from Below



5.1 Steam/Water Models

Models of water/steam natural conve:ctionm‘18 in packs of the correct permeability
range for the formation of an overlying water zone have been primarily limited to
examining the two phase region, with very cursory treatments of the overlying water
zone. Typically, analysis of the two phase zone is accomplished by assuming that the
two phase zone is in a state of one-dimensional, counter-current steam-water flow. For a
given heat transfer rate, a saturation profile is calculated, which allows relative
permeability and, if necessary, capillary pressure t0 be calculated. These are then used to
find the mass flow rate and the pressure gradient.

Both Bau!417:18 and Sondergeld and Turcotte 19, in their modelling of the two phase
zone, assumed a constant saturation throughout the two phase zone and relative
permeabilities that were simply linear functions of saturation. Udel113 conducted a more
thorough analysis in which a non-linear saturation profile and relative permeabilities that
were cubic functions of the net saturation were assumed. Udell obtained the net
saturation by subtracting the irreducible water saturation from the actual saturation. The
saturation profile was determined by maximizing the heat transfer rate through the two
phase zone. Both Udell and Bau assumed that the overlying water zone was in strictly
conductive heat transfer mode, and on that assumption calculated the water zone
thickness and hence the two phase zone thickness and the overall Nusselt number. The
primary sources of error of these two methods are an error in counter-current flow
liquid/vapour relative permeability, and an error in the assumption of a strictly conductive

overlying water zone.

Sondergeld and 'l"urcotte,l6 who detected overlying water zone convection, concentrated
their analysis on the two phase zone, with only an extremely limited and flawed stability
analysis of the overlying water zone. They based their analysis of the overlying zone on
the density difference between steam and water and neglected the critical effects of heat
transfer in stabilizing the interface. In the analysis of their experimental results, they used
the measured total steam volume and the calculated steam saturation to determine both
the two phase zone and water zone thicknesses. The primary source of error in-this
approach is the assumption of a constant saturation ot steam in the two phase zone, as the

steam saturation is most definitely not constant. 13

The most useful model for the theoretical analysis of the boiling natural convection of a
liquid and a condensible vapour in a low permeability porous medium would appear to be
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one in which the overlying liquid zone and the two phase zone are treated separately.
Udell’s model of the two phase zone seems to be adequate. However, previous
treatments of the overlying liquid zone are not adequate, and the purpose of this section
of this work is to develop a method to accurately model the heat transfer mode and
Nusselt number of the overlying liquid zone.

The literature on natural convection in porous media does not suggest a method for
prediction of the Nusselt number of the overlying water zone. The first step in the
process developed in the current study for predicting the Nusselt number of the overlying
water zone was to determine the heat transfer mode. Published experimental
studies14-19 have shown the overlying water zone can be either in a conductive or in a
convective state. The overlying water zone has been expcrimentally found to be in the

16,17 including the present study.

convection mode by three different research efforts,
The part of this study with a steam/water system in a 26.5 Darcy (26.5 x 10712 m2) sand
pack in the heat transfer cell found three dimensional natural convection occurring in the
overlying water zone. Natural convection was indicated by the steeply inclined isotherms
in the overlying water zone, as shown in Figure 5.2. The convection was triggered by
boiling and was not due to single fluid convection prior to boiling. Sondergeld and
Turcotte!® detected two dimensional natural convection (roll cells) of the overlying
water zones in their high aspect ratio (5.0), low permeability (70 Darcy, 70 x 10" 12 m2)
glass bead pack. The high aspect ratio of their pack forced two and not three dimensional
convection. Later visualization studies by Sondergeld and Turcoite!? in their thin
rectangular pack confirmed the presence of two dimensional natural convection triggered
by the onset of boiling. Bau and Torrance!7 detected three dimensional convection of
the overlying water zone in their experiments with a low aspect ratio (0.238), high
permeability (1400 Darcy, 1400 x 1012 m2) cylindrical sand pack. This occurred in a
system undergoing three dimensional natural convection prior to boiling, uinlike both the
system of Sondergeld and Turcotte!© and the system described in this study.

In Bau and Torrance’s!8 study of the steam/water system without convection prior to
boiling, three dimensional convection in the overlying water zone was not detected after
boiling began. Bau and Torrance used three different, low permeability porous mediums
in the same apparatus. The permeabilities of the porous mediums used ranged from 8.5 to

64 Darcies (8.5 x 10112 m2 10 64 x 10°12 m?),
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Figure 5.2 Moderate Permeability Isotherm Contours (Elevation), Water/Steam in
Sand, Run W/S-S #1



The contradictory results of these experimental investigations have not been adequately
explained in the literature. Baul4 attempted to explain the contradictory results of
Sondergeld and Turcotte!® by claiming that their water was in two dimensional
convection before the two phase zone developed and the motion impressed itself onto the
two phase system. However, the single fluid system of Sondergeld and Turcotte, when
- treated by the methods described in Chapter 4, has a predicted critical Rayleigh number
of 13 and a maximum experimental Rayleigh value of 8. Additionally, their separate
flow visualization study19
boiling. Thus, Bau’s attempted explanation of their results was incorrect. Sondergeld

showed no two dimensional convection prior to the onset of

and Turcottc16 tried to explain their two dimensional water zone convection by
proposing a two phase Rayleigh number based on the density difference between the

water zone and the two phase zone. This explanation ignores the critical stabilizing

50 and cannot explain the lack of overlying water zone

14

influence of heat transfer
convection in Bau’s experiments.

The model developed in the present study for predicting the heat transfer mode of the
overlying water zone is based on the system’s behaviour at the onset of boiling. If, at the
onset of boiling, either single fluid natural convection is already occurring, or the
interface between the steam phase and the water phase is unstable, then natural
convection in the overlying water zone will be initiated.

The occurrence of single fluid natural convection prior to boiling will result in convection
in the overlying water zone. This can be predicted by determining the critical Rayleigh
value (Ra.) and the Rayleigh number at the onset of boiling (Ray) by the techniques
presented in Chapter 4. Natural convection will occur if Ray is greater than Ra..

The interface between the steam and water phases is primarily stabilized because the
fingers of steam penetrating the water zone lose heat to the water zone and condense,
forcing the interface back down. The interface will become unstable when the overlying
water zone cannot remove heat sufficiently rapidly from the steam finger to condense and
collapse it. If the overlying water zone is initially in a conductive heat transfer mode,
there is a limit as to how much heat it can remove from a finger of steam. If a greater
amount of heat removal is required the interface will become unstable and move upwards.
This results in a non-horizontal interface (isotherm) under the water zone and the
immediate initiation of natural convection in the overlying water zone. 54-56 The natural
convection mode of heat transfer can remove hecat at a greater rate from the steam fingers
and may be able 1o stabilize the interface. The "angle” of the interface determines the
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level of convection, and an "angle” sufficiently steep for natural convection to stabilize
the interface may be possible. If a greater amount of heat removal is required than can be
provided by natural convection caused by an interface at the maximum spatially
allowable angle, then the overlying water zone is unstable and will collapse. Nucleate
boiling will commence with the whole pack acting as a two phase zone. Under these
conditions pockets of cool water near the bottom of the pack and fluids at saturation

temperature encompassing the entire pack have been observed.

‘The model predicting the stability of the steam-water interface is based on simplifying
and extending Straus and Schubcrt’550 work on the satability of water over steam in
geothermal reservoirs to a specific case. Their model does not exactly correspond to the
situation presenily dealt with in that they used a non-isothermal steam zone instead of an
almost isothermal two phase zone. Additionally, they used a permeable top surface
instead of an impermeable top surface. The difference in zone treatment is a significant,
but a necessary simplification that can be corrected by empirical correlation. The
development of the model is shown in Appendix H. The model determines a
dimensionless stability number (W) representing the ratio of the marginally stable
perturbation wavelength to the maximum horizontal dimension of the porous medium. If
the stability number is too small the interface will not stabilize and convection will occur.
The stability number is evaluated at the onset of boiling (W) for each experiment. If W},
is less than some critical value, Wbc’ the interface between the steam and water phases is
unstable, and water zone convection will occur. The value of Wy . is determined
empirically to correct for the necessary simplifications in the model.

For water at ambient pressure and Tg,, = 100°C, Wy, is (from Appendix H):

W, = L7019x 108}, (100-T,) .
L (1.349 x 100 k + 6.9337x1077 A, ))

where:

Wy, = dimensionless stability number at onset of boiling
lm = thermal conductivity of medium [W/m K]

L = height of sand pack [m]

k = permeability of sand pack lm2|

T,, = upper surface temperature of sand pack [°Cj
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Once the heat transfer mode of the overlying water zone has been established, the Nusselt
number for the overlying water zone can be predicted. If the overlying water zone is in
the conductive mode the Nusselt number is, of course, onc. If the overlying water zone is
convective the Nusselt number can be predicted from the following empirical model, the
development of which is shown in Appendix H:

Nu, = 1.0+ Q[(Q/ Qp)! - 1.0] {Wy. - Wy ) 5.2

where:

Nu,, = Nusselt number of overlyiag liquid zone
Q = correction factor

Q =imposed heat flux [W/m2]

Qp = heat flux at onset of boiling [W/m
Whe
Wy, = boiling stability number

2]

= critical boiling stability number

5.2 Steam/Water Experiments

The study of the natural convection of a liquid and a condensible vapour in a porous
medium was conducted using water. Several previously published experimental studies
have also used waler,15 with most using a permeable top surface. 4 10-19 The results
from most of these studies seem to agree fairly well, in that a water layer was formed
above a two-phase zone. However, Sondergeld and Turcotte 1019 found the overlying
water layer to be convecting in a system that was not convecting prior to the onset of

boiling, while Bau and Torrance 1418 did not.

The initial phase of the study of the natural convection of a liquid and a condensible
vapour in a porous medium was intended to examine the behaviour of the overlying water
zone. A 40-70 Unimin (quartz) sand pack of 26.5 Darcy (26.5 x 10" 12 m2) permeability
and 32.4% porosity initially saturated to 99.25% with de-ionized water was utilized. Pore
fluid pressure was maintained at atmospheric pressure and the sand pack was heated from
below. Three experiments, denoted W/S-S #1 - #3, were done at progressively higher
heat flux rates and all had the lower surface of the sand pack above the boiling point. The
results of these experiments are listed in Table 5.1 and shown in Figure 5.3. The top of
the two phase zone was located by interpolating the average temperatures measured for
each horizontal layer of temperature probes in the sand pack. The top of the two phase

zone was thus defined as the average height of the two phase zone.
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Table 5.1 Water/Steam in Sand: Experimental Results

Description

q(W/mz)
lower surface

T{(°C)
bottom of
two phase zone

Tp(°C)
top of two
phase zone

To(°C)
top of overlying
water zone

Ay (m)
thickness of
overlying water zone

Ay gy (m)
thickness of two
phase zone

Nuo
overall

Nu,,
water zone
J
Nugy,
two phase
zone

WIS-S #1

370.4

101.76

99.31

38.68

0.382

0.341

1.636

0.984

18.17

W/S-S#2

878.0

100.26

98.95

39.61

0.255

0.469

4.152

1.596

117.12

W/S-S#3

1254.9

102.56

101.22

51.92

0.233

0.491
7.201

2.520

174.24
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The average thickness of the overlying water zone was determined by subtracting the two
phase zone height from the overall pack height. The resulting Nusselt numbers were
based on the average zone thickness, the temperature drop across the zone, the measured
heat flux, and the thermal conductivity calculated as if the zone was water saturated and
at the average zone temperature. The thermal conductivity was predicted using actual
thermal conductivity measurements conducted with the same pack during the single fluid

experiments.

A two phase zone with an ov: . layer existed for all three experiments. The
overlying water zone had non-: isotherms, increasing in declination as the heat
flux increased, indicativ; wa::~ _nvection. The non-horizontal isotherms in the

overlying water zone above the iv.0 phase zon: are shown for the first experiment in
Figure 5.2. However, the Nusselt number of the overlying water zone for the first
experiment was approximately one, indicating no convection. Consequently, the level of
convection in the first experiment was considered too low to be detectable on the basis of
heat flux. In the other two experiments Nusselt numbers were greater than one, clearly
indicating convection.

The two phase zone underlying the water zone apparently imposed a non-horizontal
isotherm on the lower surface of the water zone. The overlying water zone behaved
similarly to a porous medium saturated with a single fluid confined between sloping
isothermal surfaces and heated from below. Such an inclined system has a critical
Rayleigh value of zer0>4-56 (i.e. convective heat transfer is always occurring). The heat
transfer rate through such a system increases with increasing slope (which agrees with
experimental data discussed later). A detailed analysis of these experiments is presented
in Appendix 1.

The second phase of the study of the natural convection of a liquid and a condensible
vapour in a porous medium was conducted using water in a high permeability sand pack.
The intent of these experiments was to determine where the upper limit to the
permeability that can support an overlying water zone may be. The experiments were
conducted using a 6-9 Colorado (quartz) sand pack of 2100 Darcy (2100 x 10712 mz)
permeability and 34.0% porosity saturated with de-ionized water. The sand pack was
heated from below.

The first two water/steam-sand experiments, denoted W/S-S 11 #1 and #2, were done with
the pore fluid pressure maintained at atmospiseric pressure. The first experiment, W/S-S
11 #1. had an applied heat flux of 822.3 W/m“. The second experiment, W/S-S 11 #2, had
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an applied neat flux of 1110.8 W/mz. Both experiments were in the convective regime
and the heat transfer through the sand pack was so efficient the temperature at the bottom
of the sand pack never approached the boiling point. The next three water/steam-sand
experiments, denoted W/S-S II #3- #5, were conducted with the pore fluid pressure
maintained, by a vacuum pump, at 28.5 kPa absolute. The first of this second set of
water/steam experiments, W/S-S I #3, had an applied heat flux of 964.2 W/m?Z, but the
bottom sand pack temperature still did not reach the boiling point. The second of this set,
W/S-S 11 #4, had an applied heat flux of 1079.1 W/m? and boiling did occur. A water
and a dry sieam zone developed, both extending from the bottom to the top of the sand
pack. The temperature profiles for this experiment are shown in Figure 5.4, clearly
illustrating the lack of an overlying water zone. The last water/steam experiment, W/S-S§
I1 #5, with an applied heat flux of 1185.1 W/m2, also had boiling occur, and the entire
sand pack was filled with dry steam.

The results of these high permeability experiments clearly show that there is an upper
limit to the permeability that will allow the formation of an overlying water zone.
Overlying water zones have been found in previously published works to exist for
permeabilities ranging from 8.5 Darcy to 1400 Darcy (8.5 to 1400 x 10" 12 m2) 14-19
The permeability upper limit for the existence of an overlying water zone near the onset
of boiling could then be expected to fall between 1400 and 2100 Darcy (1400 and 2100 x

10712 m?) .
5.3 Steam/Water: Comparison of Results

The initial comparison of the steam/water system results was done to determine the
relative significance of the overlying water zone and the two phase zone. The
experimental results of this study (denoted Exp.) are compared with the results of two
different models (A and B) in Table 5.2. The first model (model A) was based on
Bau’s!4 model, in which the overlying water zone is assumed conductive and the two
phase zone is modelled as one-dimensional. The second model (model B) assumed the
two phase zone to be isothermal and, as no predictive model of the two phase zone had
been published, utilized the measured Nusselt number of the overlying water zone.
Further details of these two models are in Appendix J. The comparison in Table 5.2
clearly shows that, in terms of zone thickness, it is much more accurate (up to 28%) to
assume an infinite two-phase zone Nusselt number (isothermal two-phase zone) and
calculate the overlying water zone Nusselt number, than to calculate the two phase zone

Nusselt number and assume a conductive o~ erlying water zone.
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npt to confirm the interface stability model developed in this study the

experimental results of this study and of those previously published by others were
compared with the results of the interface stability model. The stability number (W) was
evaluated at the onset of boiling (W) for this study’s experiments, and for experiments

reported by Bau

14,17,18 4ng Sondergeld and Turcotte. 10 These are presented in Table

53. An cxamination of Table 5.3 indicates that if W}, falls between 0.11 and 0.19 then
the interface stability model predicts the conductive state found by Bau and the

convective state found by Sondergeld and Turcotte.

Table 5.3 Water/Steam in Sand: Overlying \Water Zone Modes

Source k(i 0'12 m‘zl

L(m) A, (WmK) T (°C) W,

Bau 14
Bau 14
Bau !4
sg o
s&T!l
EHT

* § & T = Sondergeld and Turcotte; ** EHT = Present work

8.5
11.0
64.0
70.4
70.4
20.5

0.187
0.159
0.217
0.198
0.105
0.668

0.92
0.96
2.60
0.83
0.83
2.40

19
18
16.5
16
28

39

0.560
0.544
0.193
0.063
0.102
0.108

Mode

conduction
conduction
conduction
convection
convection

convection

The vmpirical model developed in this study for the prediction of the overlying water

zone Nusselt number was fitted both to the Sondergeld and Turcotte

16

experimental

restilts for 2 0.198 m high pack and to the present study results. The results of this fitting

are shown in Figure 5.5. The fitting yielded:

Q=129
W= 0.17

and hence: Nug, = 1.0+ 129 [(Q/Qy )1-5 SLOJ{0.17 - Wy )

53

It should be noted that the Wy . resulting from the fitting of this model falls within the

limits found carlier. ‘This lends support to both the model for determining heat transfer

made and the model for determining overlying liquid zone Nusselt number.



The new model for predicting the overlying water zone heat transfer mode explains the

14 4nd Sondergeld

apparently contradictory findings of the present study, Bau’s studies,
and Turcotte’s work.1® Bau’s lower permeability experiments did not cofivect because,
at the onset of boiling, the imposed heat flux through his thin pack was large enough to
stabilize the interface #nd maintain a conductive regime. Tl present study’s earlier
experiments found convection occurring because the thicker pack used allowed a lower
imposed heat flux at 1a.: onset of boiling, even though the sand pack permeability fell
within the range ¢f those examined by Bau. Sondergeld and Turcotte’s experiments used
sand packs $t appreximately the same thickness and of similar permeability as Bau's, but
the substantially Lywer thermal conductivity of their pack (0.83 vs. 2.60 W/m K) forced a
lower heat flux at the onset of boiling. The lower heat flux was not able to stabilize the

interface and convection occurred.

The predictive performance of the model of the overlying water zone Nusselt number is

compared with experimental results from Sondergeld and Turcotte !0

and from the
present work in Figure 5.5. Nusselt numbers are plotted as a function of the ratio of
applied heat flux to the onset of boiling heat Tlux. This study’s experimental results
(triangles) agree very closely with the model results (dotted line). Sondergeld and
Turcotte’s experimental results for a 0.198 m thick pack (squares) agree fairly well with
the model results (dashed line), with only a small amount of scatter about the model’s
prediction. Sondergeld and Turcotte’s results for a 0.108 m thick pack (circles) show
overlying water zone Nusselt numbers of less than one at lower heat fluxes. This
anomaly is due to their prediction of two phase height, and hence overlying water zone
Nusselt number, by using a calculated constant sicaim saturation. Their model for the
saturation fails for the lower heat flux, thinner model case and causes the anomalous
results. However, as the heat flux is increased their experimental results approach the

model predictions (dot-dash linz).
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CHAPTER 6. NATURAL CONVECTION OF TWO IMMISCIBLE LIQUIDS

A porous medium saturated with two immiscible liquids may have the liquids separated
into two distinct layers or the liquids may be evenly distributed throughout the medium.
The evenly distributed fluids may have one or both of the liquids wetting the solid phase.
The Alberta oil sands deposits are water wet and have the water and oil distributed
throughout the deposit. To represent the actual system adeguately, this phase of the study
was primarily concerned with a mixture of two immiscible fluids, with water being the
wetting phase. When the saiurated porous medium is heated from below, cach
constituent fluid has a destabilizing influence on the system, similar to that for a single

37 inclusdiag:

fluid. This destabilizing influence is modified by many factors,
wetting,58 capillary pressure, saturation, surface tension, continuous or discontinuous
phases, drag, etc. Many of these factors are represented to some extent by the relative
penneability.59 Relative permeability is measured with each of the different fluids being
driven by the same applied pressure gradient. The actual pressure gradient applied to
each phase is slightly modified by the capillary pressure of that fluid. The fluids in a
natural convection system, however, are driven by buoyancy forces v ich can be very

different for each fluid.
6.1 Two Immiscible Fluids: Models

There have been no reports in the cjien literature describing theoretical or experimental
studies of the natural (thermal) convection of two immiscible liquids in a porous medium
although several studies of miscible fluids have been published.1 I-13 The aim of this
part of the present study was to examine the natural convection of o immiscible liquids
in a porous medium, particularly in ways that may potentiaily be applied to reservoir
modelling. This part of the study will be restricted to the prediction of <he onset of
convection. Prediction of the rates of heat transfer of two immiscible fluids undergoing
natural convection in a porous medium would require numerical modelling with a mesh
size too small to be integrated into a reservoir modei. Therefore, the prediction of the
rates of heat transfer for two immiscible fluids were considered outside the scope of this
study.

6.1.1 Psuedo-Fluid Model

As no previously published work was svailable for guidance, an extremely simple model
was initially used. This simple model was based on the assumption that the two fluids
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could be treated as a single, "pseudo-fluid". The mode! uses the actual thermal
conductivity of the media, the absolute permeability, and mass averaged fluid properties.
These values are used in the single fluid model. This method ignored all those factors
caused by the presence of two immiscible fluids. These factors were expected to modify
the destabilizing influence of the thermal gradient significantly. Because of its
oversimplification the "pseudo-fluid” model was not expected to predict accurately the

behaviour of the experiments.
6.1.2 Relative Permeability Models

A much more detailed set of five theoretical models for predicting the onset of convection
was developed in which the effects of relative permeability are predominant. The set of
models gives each of the two fluids its own Rayleigh number, based on the individual
fluid properties and the effective permeability at the given fluid saturation. The effective
permeability is the product of the absolute and relative permeabilities. Critical Rayleigh
values are then predicted for each phase as if each individual fluid is the only fluid
present in the poreus medium. Also, the values of relative permeability measured in the
pressure drive experiments may need to be altered to be used in the buoyancy drive
situation. Five of the possible methods of altering the measured relative permeability

values are denoted as Models 1 through 5.

The Rayleigh number for a fluid is defined by this set of models as:

Rag= kil 23k B (Thop - Tyop) L p2 Cpl / (K Apy]
where the physical properties are as for that one fluid except for:

7Lm = saturated overall mediur: thermal conductivity [W/m K]
(includes effect of other fluid)

kg = relative permeability of the fluid in the j:orous medium

at the given fluid saturations

The various models in the set would alter the values of krf so as to match the behaviour of
the system. The alterations in k ¢ would represent the difference between the relative
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permeability found in a pressure driven system and that found in a buoyancy driven
system.

Examination of the equation describing Ra ¢ shows that two different fluids in the same
porous medium and under the same imposed temperature difference are almost certain to
have different values of Ra ¢, due to their different physical propertics and relative
permeabilities. In order to graphically represent the experimental yesults two horizontal
Rarf axes, one for each fluid, must be used. The two axes are dimensioned such that a
value of Ra s for one fluid at a certain temperature difference will directly correspond to
the different, correct value of Ra ¢ for the other fluid at the same temperature difference.
For example, a temperature difference of 100°C may correspond to a Ra ¢ of 23 for fluid
1 and a Ra ¢ of 35 for fluid 2. The graph would thus be constructed such that the Ra¢
value of 23 for fluid 1 will directly correspond to the Ra g value of 35 for fluid 2. This
graphical representation is used throughout the rest of this section, including Figure 6.1,
which portrays the proposed five models of the set.

The first model treated the system as if pressure driven re'ative permeability completely
describes the interactions between the fluids. Effects of 11 difference in driving force
between pressure driven relative permeability and buoyancy driven natural convecticn
were ignored. This model is illustrated in Figure 6.1a. The second model assuined the
convective movement of the mors mobile phase may have more drag on the less mobile
phase than predicted by pressure driven relative permeability (k s > k9 measured). For
this model, convection would occur in the less mobile phase before it was predicted. This
model is illustrated in Figure 6.1b. The third model assumed the convective maotion of
the more mobile phase was retarded by the presence of the less mobile phase to a greater
extent than predicted by pressure driven relative permeability (kg < ki) measured).
This would cause convective flow in the more mobile phase to be retarded until after the
predicted critical Rayleigh value was exceeded. The third model is illustrated in Figure
6.1c. The fourth model is a combination of the second and third. Onset of convection of
the more mobile phase was assumed to be additionally retarded by the second phase, and
the additional drag on the less mobile phase was assumed to cause it to convect earlier
than predicted (k ¢ < kg1 measured ; kpry > ki measured). The fourth model is
illustrated in Figure 6.1d. The fifth model was an extreme case of the fourth. The
additional flow retardation on the most mobile phase and the additional drag effects on
the least mobile phase were assumed to be enough to cause both fluids to begin
convecting at the same imposed temperature difference. The fluids would behave as if
one fluid with intermediate propenties and low effective permeability. The fifth model is

llustrated in Figure 6.1c.
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6.2 Tetrachloroethylene/Water Experiments

The initial experiments in this part of the study utilized a 40-70 Unimin sand pack of 26.5
Darcy (26.5 x 1012 m2) permeability and 32.4% porosity. The sand pack was initially
saturated to 99.12% with de-ionized water. Tetrachloroethylene was then flooded
through the pack (2.8 pore varlumes injected) until a water saturation of 14.27%, and a
tetrachloroethylene saturation of 85.73%, was achieved. Saturations were determined by
a mass balance. Tetrachloroethylene was selected because it is totally immiscible in
water, inflammable, only moderately reactive with the heat transfer cell liner and, as a
single fluid, convects at a lower imposed temperature gradient than water. This provided
the maximum mechanistic difference between the experiments using tetrachlorocthylene
and the later experiments using oil, as the oil requires a greater imposcd temperature
gradient to convect than water. The other fluids considered that could achicve this
convective capability were either extremely flammable or highly reactive with the heat
transfer cell liner.

Five tetrachloroethylene water/sand experiments, denoted T/W-S #1-#5, in which the
sand pack was heated from below, were attempted. The first three progressed to steady
state and resulted in Nusselt numbers of about one. Each experiment took approximately
14 days to reach steady state. The fourth experiment had to be curtailed before steady
state was reached due to an extended series of electrical power failures. Tie resulting
Nusselt value of 1.53 indicated convection, but an examination of the experimental
isotherms showed them to be flat and that no convection occurred. It was concluded that
steady state conditions had not been reached, and the high Nusselt number was due to
transient effects alone. The fourth experiment, however, had progressed far enough to
clearly show no convection was possible for this system under the imposed temperature
gradient value. The experiments in the single fluid portion of the present study had
shown that when convection is. going to occur in a system the isotherms show convective
effects long before steady state is achieved, and the isotherms from the fourth experiment
showed no evidence of convection. The fifth experiment was terminated shortiy after
commencement due to the development of a large leak. This was due to liner damage by
the tetrachloroethylene. Results of the four experiments are shown in Figure 6.2. The
experimental analysis can be found in Appendix K.
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The latter phase of this part of the study utilized a 6-9 Colorado sand pack of 2100 Darcy
(2100 x 10712 m2) permeability and 34.0% porosity. The sand pack was initially
saturated with de-ionized water. Tetrachloroethylene was then flooded through the pack
(10.3 pore volumes injected) until a water saturation of 7.9%, and a tetrachloroethylenc
saturation of 92.1%, was achieved. Four experiments, denoted T/W-S 11 #1-#4, in which
the sand pack was heated from below were done. Natural convection occurred in all four
experiments and the results are shown in Figure 6.3.

6.3 Mentor 29/Water Experiments

The initial phase of this portion of the study utilized a 6-9 Colorado sand pack of 1950
Darcy (1950 x 10712 mz) permeability and 33.4% porosity. The sand pack was initially
saturated with de-ionized water. Mentor 29, a light oil produced by Esso Petroleum
Canada, was then flooded through the pack (2.2 pore volumes injected) until a water
saturation of 16.5%, and a Mentor 29 saturation of 83.5%, was achieved. Mentor 29 was
selected because it was totally immiscible in water, safe, and had a viscosity only six
times that of water. Seven oil/water-sand experiments, denoted O/W-S§ #1 - #7, were
done. Two experiments, O/W-S #1 and #4, were heated from above, and were duplicates
of each other. Hence, the results from O/W-S #4 were not reported. The other five
experiments were heated from below and four of the five showed natural convection.
Experimental results are shown in Figure 6.4. After this experimental serics was
complete, de-ionized water was flooded through the pack (1.5 pore volumes injected)
until a water saturation of 75.4%, and 3 Mentor 29 saturation of 24.6%, was achieved.
Five experiments, denoted O/W-S H #1 - #5, were then done. Two experiments, O/W-§
1 #1 and #4, wer= hcated from above, resuliing in negative heat flux values and Rayleigh
numbers. The other three experiments were heated from below and natural convection
occurred in all three. Experimental results are shown in Figure 6.5.
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6.4 Two Immiscible Liquids: Comparison of Results
6.4.1 Psuedo-Fluid Mode! Results

The predicted onset of convection, as calculated by the “psuedo-fluid” model, 1s shown,
along with the experimental results, in Figures 6.6 10 6.9. The experimental results are
plotted as values of Ra Psuedo. The Ra Psuedo values result from inserting experimental
values into the "psuedo-fluid" model definition of the Rayleigh number. The
experimentally indicated critical Rayleigh values are compared with the predictions of the
»pseudo-fluid" model in Table 6.1. The pseudo-fluid treatment appears to consistently
underpredict the critical Rayleigh value, although the actual critical Rayleigh number was
not exactly determined by the experiments. Further details of the calculations can be
found in Appendix L.

Table 6.1 Psuedo-fluid Model Predictions

Exp. Series Re Exp.  Ra, Psuedo Error
T/W-S >38.3 32.8 >14.4 %
T/W-S II ~66.7 51.6 ~23 %
O/W-S ~65.8 42.1 ~36 <

OW-S 11 ~54.9 47.7 ~14 %
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6.4.2 Relative Permeability Models Results

The first of the five relative permeability models was used to predict the critical Rayleigh
values for the four experimental series. The calculations used relative permeabilities
from Appendix M. The effects of viscosit; variation were obtained for the first mode of
natural convect:on from Appendix C. The predicted critical Rayleigh values are plotted
versus exper:. zntal values for the four experimental series in Figures 6.10, 6.11, 6.12
and 6.13. The experimental results are ploued as values of Ra Rel Perm #1 for both
phases. The Ra Rel Perm #1 values result from inserting experimental values into the
relative permeability #1 model definition of the Rayleigh number for both phases.
Further details of the calculations can be found in Appendix N. The experimentally
indicated critical Rayleigh values for the two phases are compared with the predictions of
<slaiive permeability Model 1 in Table 6.2.

Table 6.2 Relativ-. Permes ity +adel 1 Predictions

Exp. Ra Qil  Ra,0il Error Ra, Water Ra, Water  Error
Series Exp. RelPerml Qil Exp. ReiPerml Water
T/W-S >20) 35.5° 7 impossible impossible

T/W-SH ~41.6 513 ~239%  impossible impossible

O/W-S ~37.2 37.6 ~1 % ~-41.8 38.8 ~7 %
O/W-S1I  >5.84 18.7 ? ~47.3 477 ~1%

The results of the second tetrachloroethylene/water-sand experiments (Figure 6.11)
indicated the relative permeability of the oil phase would have to be changed from 0.70 to
(.87 for the pradicted and experimental values to match. The required change is beyond
any uncertainty in relative permeability. ‘The first series of Mentor 29 oil/water-sand
experiments (Figure 6.12) indicated the relative permeability of the oil phase would have
to be changed form 0.83 to 0.84 and that of the water phase from 0.059 to 0.054 for the
predicted and experimental critical values to match. The second series of Mentor 29
oil/water-sand experiments (Figure 6.13) indicated the relative permeability of the water
phase would have to be changed from 0.69 to 0.694 for the predicted and experimental

critical values to match.
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i'lie agreement between prediction and experiment for both series of Mentor 29 oil/water-
sand experiments seems remarkably good, especially considering the non-wetting phase
was the most mobile in the first series, while the wetting phase was the most mobile in
the second series. The second tetrachloroethylene/water-sand series showed poorer
agreement between prediction and expeviment, and the discrepancy is 100 large to be
explained by the experimental uncertainty in the relative permeability data. The most
reasonable explanation for the discrepancy is that in cases where the non-wetting phase is
much more mobile than the wetting phase the pressure driven relative permeability
underestimates the buoyancy driven rclative permeabilty. Fortunately, this circumstance
is very unlikely in the water wet oil sands reservoirs.

6.4.2.1 Relative Permeability Sensitivity

One concern is the limited accuracy of the predictions of relative permeability at
intermediate fluid saturations. The dredictions *+re made based upon linear
interpolations from measured relati~.. prrmeabilits  at irreducible water and oil
saturations (end points). The sensit:~:ty ««f the resulty to variations in relative
permeability was tested by varying the water relative permeability used in the predictions
and analysis of the first Mentor 29 oil/water-sand (O/W-S) series by plus and minus 10%.
This was equivalent to using water relative permeab!ities of 0.065 and 0.053 insteau of
0.059. The experimental water phase Rayleigh numbers changed by : 1G%. but the
predicted critical water phase Rayleigh numbers changed, by +2.3% and -2.1%,
respectively. The small changes in the predicted critical Rayleigh values indicate the
predictions are insensitive to small errors in the measurement of relative permeability.
These results are shown in Figures 6.14 and 6.15. The reduction of water relative
permeability by only 10% (Figure 6.15) was adequate to allow Model | behavior to
perfectly describe the O/W-S system. Given the accuracy of available relative
permeability information Model 1 seems to give an adequate description of the onset of
natural convection of two immiscible liquids.
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CHAPTER7. CONCLUSIONS

The study of the steady state natural convection of a single fluid saturating a cylindrical
porous medium heated from below has shown that the convection of water can be
adequately predicted by previously developed techniques. However, a novel viscosity-
temperature relationship based on the ratio between the fluid viscosity at the maximum
and minimum temperature has been proposed and models based on the relationship were
developed. The models allow the more 4pid prediction of the natural convection of
finids (including ftuids other than water), especially when coid end temperatures are not
fixed at 25°C. The models based on this new relationship would be useful tools for the
exarnination of any viscosity sensitive therma! natural convection in a porous medium.

"The examination of the boiling of water in a cylindrical porous medinm heated from
below focussed on the liquid (water) zone overlying the two phase (steam/water) zone.
The overa'l thermal characteristics of the system are controlled by the behaviour of the
overlying ' 1uid zone. A new model, based on the stability of the interface between a
condens:t.. vapour zone and a overlying liquid zone, has been developed. The model
predicts the heat transfer mode of the overlying liquid zone. Additionally, an empirical
model has been dewv:loped that predicts the Nusselt number of the convecting overlying
liquid zone. Using these models, the differing behaviour of the overlying liquid zone,
reported by others, can now be explained. Additionally, the experimental results provide
a data set for the verification of numerical simulators incorporating stcam/water stability
“eractions.

'y 'ne study of the steady state n2cral convection of a mixture of two immiscib’e fluids in a
cylindrical porous medium is new. A simple "pscudo"-fluid model based on mass
averaged flui properties was found to underpredict the criticai Rayleigh value for the
onset of convection. A different model was developed that more adequately predicted the
onset of convection. The model treated each phase independently and used
experimentally determined relative permeability values to quantify the impact of one
phase on the other. The experimensal results can be used to test the validity of numerical
simulators intended to describe the natural convection of two immiscible fluids. V
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The interface stability model developed in the boiling section of this work could be
adapted to oil sands reservoirs, particularly to the liquid saturated zones between steam
chambers and colder oil sands, such as occurs around horizontal wells and in gravity
drainage. The heat transfer mode of these zones is critical, as the heat transfer through
these zones control the total rate of heat transfer from the steam chamber to the cold oil
sands. The total rate of heat transfer controls the rate of oil production from the reservoir.
However, based on the results of the experiments with two immiscible liquids and the
high oil viscosities and low permieabilities of oil sands reservoirs, it is unlikcly that large
scale natural convection would occur in the undisturbed regions of a typical reservoir.
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APPENDICES



A. HEAT TRANSFER CELL

A.1  Cell Design

A diagram of the heat transfer cell is shown in Figure A.1. An asbestos-cement (A/C)
water transmission pipe rated at 4.8 MPa and with a 460 mm inner diameter was selected
for the wall of the cell due to its low thermal conductivity (~ 1 W/m K), high
temperature durability, and pressure capability. The ends of the pipe were capped by 12.7
mm thick 316SS rings welded to 26 gauge 316SS sheet cladding the inside of the pipe.
Discs 31.8 mm thick and 454 mm in diameter made of Colorceran, a material commonly
used for laboratory counter tops, were used for heat flux meters, as the thermal
conductivity (~ 1 W/m K) was suitable and the material was robust. Heating/cooling
heads, as detailed in Figures A.2, and A.3 were installed at each end of the pipe. The
lower head contained a sandwich of a liquid cooling plate, an electrical heating plate and
a sealing plate, and a copper temperature moderating plate. The upper head additionally
contained an overburden applying piston assembly. The sealing plates contained
temperature control thermocouples, ports for sensor leads and fluid injection, and the
sealing surface for the flexible asbestos-metal (Flexitallic) gasket used against the
asbestos-cement pipe ends. Each heat flux meter was separated from the copper
moderating plate by a silicone rubber pad. A 762 mm diameter steel pipe surrounded the
cell and acted as both a temperature guard against radial heat losses and as protection
against pore fluids if the asbestos-cement pipe fails. Heaters were located on the top,
centre and bottom of the guard and the cold end also contained a water-fed cooling coil.
The cell assembly was compressed by two 24" 600-pound flanges which used 12 studs to
axially load the system. The flanges had welded-on rings to contain the steel pipe guard.
Asbestos-cement pads were used between the flanges and the heating/cooling heads as
high strength thermal insulation. Rock wool insulation was installed between the cell
walls and the guard, and an insulating cap of fiberglass surrounded the entire assembly.

There were two groups of heaters: the main heating plates and the guard heaters. The
main heater plates, as shown in Figure A .4, were two identical 635 mm diameter, 12 mm
thick discs that contained coiled tubular electric heaters embedded in Thermon heat
transfer cement and enclosed in stainless steel. Stainless steel spacers filled the areas
between heaters and provided the required compressive strength. There were two
separate heaters inside each heating plate, one heating the inner 381 mm diameter and the
other heating the outer annulus. The heaters were run by computer-controlled power
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controllers and operated at either 103 VAC or 260 VAC. On 260 VAC the maximum
total power consumption of both main heating plates was 15 kW.

The guard heaters were metal clad electric bar heaters clamped around the hot end, the
centre, and the cold end of the guard. These ran on 120 VAC and consumed up to 2000
watts. Control was accomplished with three solid state temperature controllers, one for
each heater.

The cell heat transfer fluid circuits are shown in Figure A5. Two cooling fluids were
used, Dow Corning 210H, a high temperature silicone heat transfer oil, and water. The
oil was pumped and kept at a constant high temperature by a Haake N-3B circulator, and
was run through the 25 mm thick stainless steel cooling plate, shown in Figure A.6,
contained in the lower heating/cooling head. Cooling water was normally used on the
cold upper end of the cell and also ran through a cooling plate. The cooling plates had
three parallel counter-current paths inside them. Water was also used to cool the low
temperature end of the guard pipe. The guard cooler was made of flattened 12.7 mm
diameter copper tubing wound onto the guard and then embedded in Thermon heat
transfer cement.

A schematic diagram of the pore fluid control system is shown in Figure A.7. Pore fluids
were contained in an expansion tank which was connected via 2 manifold to six injection
ports in each of the sealing plates contained in the heating/cooling heads. Pore pressure
was maintained by high pressure nitrogen gas acting on the expansion tank pore fluids.
The head of pore fluid inside the expansion tank was measured by a Rosemount
differential pressure transmitter and the pore fluid pressure was measured by a
Rosemount absolute pressure transmitter. A low pressure nitrogen blanket was
maintained over the circulator in order to reduce oil oxidation at high temperatures. A
high pressure nitrogen blanket was maintained on a sample cylinder filled with oil
connected to the overburden assembly. The oil pressure forced a piston down, applying
the overburden to the cell contents.

A.2  Cell Monitoring and Control

Monitoring and control of the heat transfer cell was handled by a Hewlett-Packard 3054A
data acquisition and control system with an uninterruptable power supply. The 3054A
system included a 3456A digit voltmeter with 6 1/2 digit capability and a 3497A
multiplexer with a 3498A miltiplexer extender. The total capacity of the multiplexers
was 15 data acquisition and control cards. The system used three software thermocouple-
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compensated 20-channcl multiplexer cards, two uncompensated 20-channel multiplexer
cards, one 8-channel actuator output card and two 2-channel programmable 0-20 mA
current supply cards. The 3054A was controlled by a HP85B computer through an HPIB

bus.

Temperature measurements throughout the cell were made by E-type thermocouples
monitored using the three software thermocouple-compensated multiplexer cards. A
typical layout for the major temperature measurement points is shown in Figure A.8.
Thermocouples were initially calibrated both by using a Hewlett-Packard quartz
thermometer in a stable ice or oil bath for temperatures up to 150°C, and by using a high
purity (ACS certified) tin solidification bath for a 231°C calibration. The special limits
of error wire was found to be adequately accurate and calibration was discontinued.

Pressure measurements were taken with two Rosemount Alphaline 4000 pressure
transmitters powered by a Hammond 24 VDC supply. The output currents of 4-20 mA
from the transmitters was converted to 0.2 - 1.0 VDC by two precision 50 ohm resistors
and the voltages were read by channels two and three of the first software thermocouple-
compensated multiplexer card. Channel one of the first software thermocouple-
compensated multiplexer card recorded the on or off state of the Haake circulator.

The heat flux meters, shown in Figure A.9, were grooved Colorceran discs with
thermocouples glued into the grooves with silicone adhesive. The leads for the heat flux
meters ran through the copper moderating plate, through the sealing plate, and exited
through teflon and silicone rubber pressure seals.

The probes for monitoring sample temperatures are shown in Figure A.10. The probes
were 3.2 mm stainless steel tubing with E-type thermocouples at the measurement points.
The temperature sensor leads were brought through ports in the cell wall.

The monitoring and control program for this system was written in HP Basic and utilized
HP-supplied subroutines wherever possible. The computer system first warned the
operator and then aborted the experiment if the pore fluid pressure or differential pressure
in the pore fluid expansion tank varied beyond user-selected limits. An experimerh was
also aborted if the Haake circulator shut down, if temperature variations across the
sealing plate exceeded user-selected limits, or if the user requested a shut-down.
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During normal operation the computer system continuously read only that data necessary
for main heater control and abort testing. At uscr sclectable time steps the system read
and stored, on tape, all sensor output. Upon a status request the system read and printed
only the most significant data. Upon a data request the system read and stored, on tape,
all sensor output.

A printout of the stored data occnrred when an experiment was aborted. The program did
not permit sealing plate set point temperatures 10 be modificd while the experiment was

underway.

The Haake cooling oil circulator was individually controlied and only reporied its on or
off condition to the computer. This was accomplished by the closing or opening of an
integral relay. When closed the relay caused a 24 VDC reading to be placed on channel
1 of the first software thermocouple-compensated card.

The power system for the cell is shown in Figurc A.11 and used both the actuator output
card to control the system relays, and the current supply cards to control the main heater
power controllers. Main heater control was accomplished by PID control and by voltage
selection. The PID control had two rates of gain: a high rate for far from the set point,
and a very low rate for close to the set point. The rates of gain, as well as the integral and
derivative control constants, were user-selectable. The main heaters were run on cither
260 VAC or 103 VAC, depending on user preference, with computer-controlled relays
selecting the voltage and setting the controller for that voltage. Usually 260 VAC was
used for fast warmup, and 103 VAC was used for minimum error at steady state

conditions.

The guard heaters were controlled by independent temperature controllers. The
temperature controllers monitored the radial temperature difference across the insulation
between the guard and the cell wall. The difference was measured by a two-point
thermopile with the voltage produced being amplified so that a 1°C temperature
difference produced a 1 mV signal to the temperature controllers.

A.3 Operating Procedures

The first step in the experimental procedure was to install the lower Flexitallic gasket,
already coated with Loctite 515, onto the lower sealing plate. Then a porous Nomex
collar was slipped onto the copper moderating plete. The porous collar prevented sand
from entering the gasket area and blocking up the cell walls, hence not allowing sufficient
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gasket compression for a seal. Next, an O-ring made of thin walled 8 mm Teflon tubing
was placed on the sealing plate inside the gasket. The O-ring was of sufficient strength to
hold the cell walls off the gasket until the upper flange was put in place. The tubing then
collapsed and the cell wall contacted the gasket. The Loctite 515 sealant was anaerobic
and the O-ring delayed the onset of sealant set up until the lower gasket was compressed.
This rather complicated lower gasket assembly is shown in Figure A.12.

The next step in the experimental procedure was to pack the heat transfer cell with clean,
dry sand. This consisted of first positioning and connecting the sample temperature
sensing probes and then packing sand into the cell by pouring it through a distributor
constructed similarly to that described by Wygal.53 The distributor used 5 layers of 10
mesh 304 stainless steel screen spaced 50 mm apart to distribute the sand which then fell
350 mm into the cell. The distributor was contained in a2 460 mm diameter stainless steel
tube. The tube was grounded to reduce static electricity effects. The resulting porosity
with 40-70 mesh Unimin sand was 32.4% and the permeability was 26.5 Darcies (26.5 x

10"12m2).

The sand pack was packed to a height such that the overburden pressure applying piston
could apply pressure to the top of the pack without exceeding travel limitations. Once the
sand pack was in place, the guard was put on, had its cooler connected, and had the space
between the cell wall and guard tightly packed with rock wool insulation. It should be
noted that at every step of the assembly process, the sensors in every new component
attached were connected and tested. The upper heating/cooling head with Loctite 515
coated gasket was then placed on top of the cell. Then the asbestos-cement pad was
lowered onto the upper heating/cooling head, followed by the upper flange at which point
the teflon O-ring collapsed. The flange was tightened using six Holmatro hydraulic stud
tensioning jacks. The jacks were placed on one set of six studs (every other stud) and the
correct hydraulic pressure for the required stud stress was applied. The stud nuts were
then brought into contict with the flange and the jacks removed and placed onto the other
set of six studs. The process was repeated three to four times in order to very accurately
and evenly tighten the studs so as not to damage the ceil walls. The normal necessary
hydraulic pressure was 20 MPa for a stud stress of 94 MPa and a gasket sealing stress of
40 MPa. Once the flanges were tightened, the cell was pressure tested for leaks. If no

leaks were found. rock wool insulation was packed around the studs and then a large
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fiberglass insulation cap of 150 mm thickness was placed over the cell.

Saturation of the pack was done by flowing three to five pore volumes of fluid through
the cell by connecting into the six injection tubes. The fluid was then injected and
extracted from different ports in order to thoroughly sweep the cell. The mass of the
extracted fluid and the the injected fluid were measured in order to do a mass balance to
find the residual saturation in the sand pack. Additionally, residual gas volume was
found by injecting 100 ml of fluid and measuring the pore fluid pressure risc.

Following sample saturation, the extraction and injection manifolding, if necessary, were
filled with water while the expansion tank was only partially filled with water. The
pressure monitoring portion of the system was filled with water and the differential
pressure transmitter was set to about 2 kPa by adjusting the height of water in the column
above it. Nitrogen gas pressure was then applicd to the expansion tank through a gas
regulator; pressure control was achieved by very slowly bleeding the gas off.

Once the cell was pressurized, the experiment was begun and the computer-controlled
data acquisition and control system was started. The general program flowchart is
presented in Figure A.13 and the subroutine flowchart is shown in Figure A. 14. The
temperatures for the upper and lower sealing plates as well as the operating pressure and
temperature limits were keyed into the computer. With the experiment in operation the
hot oil circulator bath temperature and the water cooling flow rates were adjusted so that
the heaters on the guard and in the heating/cooling heads would act only as trimmers.
The guard heater temperature controllers were set so that the guard temperature was the

same as or slightly above the temperature of the cell wall.

Once the experimental parameters were set correctly, the experiment was checked
occasionally with status requests, data runs were taken at automatic intervals, and when
steady state conditions exist one to four data runs were made. Steady state conditions
usually required about a week to appear. The cell was brought up to operating
temperatures with 260 VAC on the main heaters, and 103 VAC was then used 1o reduce

fluctuations at steady state.

Upon completicn of an experiment the computer program was aborted and a new pair of

upper and lower sealing plate temperatures were selected. The pore fluid pressure was
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then adjusted if necessary, to maintain pore fluids in the correct phase and a new
experiment was begun. An experiment usually took 10 to 14 days to complete. Upon
completion of the entire experimental series the program was aborted and the cell was
cooled by completely opening the water cooler valves. The cell was then disassembled.
Sampling for analysis of the cell contents was then done if necessary.
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B. HEAT TRANSFER CELL CALIBRATION

Calibration of the heat transfer cell was done by analyzing the results of conduction mode
experiments to allow prediction of the heat transfer rate from the temperature differences
across the heat flux meters. The analysis was basced on the known thermal conductivity
of the water saturated sand pack used. The thermal conductivity of the water-saturated
sand was measured by an independent laboratory (Tempest Geophysical Consultants) and
is shown in Appendix O. The calibration analysis was done in three phases: first, a
steady-state series solution ignoring wall effects: sccond, a steady-state numerical
solution including wall effects; and third, a final steady-state series solution with a
correction factor for the wall effects. The final solution will allow prediction of the heat
flux without using a numerical model for each prediction.

Systematic errors in the heat transfer cell measurement of heat fluxes must be considered
for an accurate calibration analysis to be done. As heat fluxes are lowered the
temperature differences across the heat flux meters are reduced. However, the offset
between the various thermocouples measuring this temperature difference remain the
same. Hence, as the heat flux drop, the relative error in the heat flux measurement
increases. Conversely, as the heat fluxes increase the complicated structure (overburden
piston/cylinder assembly) above the upper heat flux meter reduces its accuracy markedly.
This was due to the highly nonuniform overburden assembly forcing non-level isotherms
and rendering the thermocouple measurements invalid for determining heat flux.

Four experiments were utilized for calibrating the heat transfer cell. The first two
experiments were conducted with low heat fluxes and with the top of the cell hot and the
bottom cold. The low heat fluxes meant a generally reduced accuracy due to
thermocouple offset but allowed both top and bottom heat flux meters to be utilized. The
other two experiments were typical of actual experiments and had relatively high heat
fluxes and with the bottom of the cell hot and the top cold. The high heat fluxes meant a
generally increased accuracy due to less relative thermocouple offset but did not allow the
upper heat flux meter to be utilized. Experimental conditions and results for all four
experiments are shown in Table B.1.
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The sand pack thermal conductivity must be corrected from the outside measured value to
compensate both for a small difference in porosity between the measured sample and the
actual sand pack and for the differences in average sand pack temperature in the four

experiments.

from Teinpest Geophysical Consultants (Appendix O)

Ay = 13\)/ xsolicli—q)

A = thermal conductivity of saturated sample

Aeolid measured thermal conductivity of solid = 4.945 [W/m K]
Aw thermal conductivity of water = 0.602 [W/m K]

¢ = porosity = (.324

A = 2.50 [W/mK] @ 26.1°C

temperature effects (from Somerton, et al62 )

A’ST = kSS] 7 - ()002304 (T—51.7°C) 0\,85] 7 - 1419)
Aet = Ay @ temperature T [°C]

1\5]7 = A’ST @ 51.7°C [W/m K]

sAgr = 256 - 0.002352T

.. for water saturated samples:
Ap = 2.56 - 0.002352 T

The thermal conductivities of the sand pack for the four experiments are also shown in
Table B.1.

The first phase of the calibration process is the steady-state, series analysis ignoring wall

effects:

q = A, AT/ Ay, = Ahtmi1 AThim) / AYhim
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q = heat flux [W/mz]
)‘m = sand pack thermal conductivity @ Toys [(W/mK]
Tavs average sand pack temperature [°C]
AT, = sand pack temperature difference [°C]
Ay, = distance between thermocouples measuring AT [m]
Anfmi = heat flux meter thermal conductivity
of phase 1 @ T,y [W/mK]
Tavhfm = @average heat flux meter temperature [°C|
AThfm = heat flux meter temperature difference [°C]
AYpfm = distance between thermocouples measuring ATy [m]

~

The values of Ay g1 are listed in table B.1. The dependence of Ay g0 00 Ty Was
best represented by:

- -3
lhfml =150 - 205x10 Tavhfm

which is also listed in Table B.1. The accuracy and range of applicability of the
calibration was improved by breaking the calibration relationship up into its various parns,
i.e. parallel effect of walls, variation of thermal conductivity of heat flux meter material
with temperature and undetermined systematic errors. However, the thermal conductivity
of the heat flux meter material was not known at elevated temperatures, at the time the
cell was being calibrated, and it was lumped in with the other undetermined errors. The
parallel effect of the walls was determined by a combined numerical-analytic technique.
A steady-state, finite difference numerical model which included the celi walls was
operated with the given sand pack and wall thermal conductivity and Ap, g1 heat flux
meter thermal conductivity. The results of the numerical model were then analyzed using
a simple series method in order to determine the parallel wall correction factor (PW).
The effect of the walls on the cell calibration should, physically, be only a function of
~ heat flux (AThfm), as the wall thermal conductivity was considered constant. Therefore,

the parallel wall correction factor was:

PW={C} +Cy ATpyy,)
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and using the numerical results:
q = Oy ATY/Byg = (pgmy AThem® PW)/ Ay
A least squares fit for the four numerical runs yielded:

PW = 1.0137 + 1.623 X 107 ATy ¢,

When PW was applied to the experimental results one obtained:

Mfm2 = Mfm1/PW

The values of Ay .0 are listed in Table B.1. The third and final phase of the calibration
was to find a relationship that predicted Aj ;9. This relationship was a combination of
the heat flux meter material thermal conductivity (Apg, ), which was temperature
dependent (and unknown at the time of calibration) .

Mfmm = Mfmm @ To +C3* Tyyhfm

and the true calibration relationship (CR), which was primarily a function of heat flux
(AT )

CR = C4 + C5 b AThfm
Combining the two relationships yielded:

Mfm2 = Mifmm ®CR

C4 * Mitmm * €3 *C4* Tavhfm
+ Cq ® Appm ® ATy + higher order terms

Mfm2 = C6 * C7°Tayhfm + Cg* AT



a least squares fit with the experiment results yields:

= vl 3 AT
thm?_ = 1.446 - 57X 10 A']hfm

combining with PW gives:

Anfm3 = PW*Anmo

The final calibration equation is thus:

3
Mgy = (10137 + 1.623 X 107 ATy

3 - 103 T
o(1.446 - 57X 103 ATy - 1.55x 103 Ty )

The values of thm?» are listed in Table B.1.

Table B.1 Heat Transfer Cell Calibration

Description

Tj (top) [°C]

T (bottom) [°C]}
AT [°C]

Tays [°C]

Ay (W/mK]
Ahfm1 [W/m K]
M2 [W/m K]
Myfm3 [W/mK]

- 155 % 107 Ty

WiS #1 WIS#2  W/IS#3 WIS #4
74.85 115.94 26.34 29.12
62.51 93.18  108.04 128.63
12.34 2276 81.70 99.51
68.68 104.56 67.19 78.88
1.353 1.294 1.256 1.205
1.359 1.283 1.259 1.209
1.332 1.272 1.224 1.171
1.354 1.293 1.253 1.206

108
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C. SINGLE FLUID: ONSET OF CONVECTION

The derivation presented here is based on the work of Joseph,® Bau', and
Zebib.?

Conservation of Momentum:

pt au =F~.* —VP‘__H._ ...l-; C.1
¢, ot k
Conservation of Mass:
ap +v*.(plju)=0 C.2
at’
Conservation of Energy:
(PCp) m-g% +§(pC,) 0" V' T=2,V2T C.3
where
(o = saturated media values
() = fluid values.
Darcy’s Law:
C4

dp = -f(V‘P‘ +pggk )

Note: @, is the bulk velocity
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The Boussinesq Approximation:®

- density variations modify only effects of gravity.
- dilation =0 - div i*=0

p= 90[1 "ﬁ(T‘ To)]

where ( ), = condition at upper surface
( ), = condition at lower surface
also
F*=-pg.k
% _g
ot’

applying the Bousinesq Approximation to C.1 yields:

p, o, . ~ T - C5
— =-V'P +p g kB(T-T)\-~0,-p,g.k
¢, or o9afB( o i b PoYa

and applying Boussinesq Approximation to C.2 yields:

~ C6
V' -a =0



Re-arrange temperature profile:

T=To-(T- T +(Ti - To)®

therefore:
aT a0
=(T. - T2
povil UL
T-To)
vr=-{ ‘L °)k+(T1—7},)V‘6

T—To=(T1—To){6—ZL' }

V2T=(T, - T,)V"%

Rewrite the pressure profile as:

L BT
2L

p‘=P‘+p0ga

where: P, = constant, applied pressure

.~ B(T,-T) .-
Vp'=V'P + pog'{k+ B—(-—1——1)2"k

L

+

P

+0

111



Substitute temperature profile and pressure profile into C.5

po Ol z' |,
— =~V"P'+pgﬁT—T{6- }k
b, or o9aB(71~To) 7
p; aa; - Y i z. » p‘ N
-2 =-|V'P"+k T.-T\—+1{]+ T.-T\0k---4
b, or Poga[ﬁ( 1 o) 7 } PogaB(T o) i Ub
p(; aab. » - > p' o~
Y =-V'p* +p0.B(T,-T,\0k--=0i C.7

Substitute temperature profile into C.3

a0
Mot

1~

PCaag: "G (VOTR 270

note: 0" =0, on volume average

represent viscosity variation as:




113

substitute into C.7

y i, .. - Hof 1 Z I C.9
v +pogaa(n-7a)ek-7°[—°)(L i
¢, ot K1

Normalize:

substitute into C.9

2 (B ~-
1 Am\/ﬁa aub:_ HoA m

vp
d)P CprSPOICpf ot prprfL

”~

+ PogaB(T1 - 76)6/(

_ﬁ(@]""’ Zalil
k By porcpr
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multiply by:
kLpoprl
p'Ol‘m‘/l_?—a
1 ki, B0, - podaB(T - TOKLC,, o[ Ho =3
b L2Cotg 9 JRa bo/Ra T

for porous media under consideration

kA
B= > -0

L Cp,p,o

therefore:
1 - (1o)F
O=——Vp+l—?a"26k—(——°] d,
JRa Hq

note:

Ho

Hq

C.10
0=~(Ra)"Vp+Ra"0k-u5 %,
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normalize C.8

(PCp) m 38 PorcpfA \/—Eub( vo- k)z—A—T-VQﬂ
L2p0/Cpr at Pl \L L) L?

pC -
a0 + Ra'?i, -(Ve-k)=v?o
(pOCP)f ot

C.11
v + Ra'2g, (Vo -k)=VPo
- Cc.12
V'Ub=0
substitute into C.5
C.13

Ra'?{,-(ve-k)=v?0

linearizing C.13 given:
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then

-Ra'?i,-k=v°8

note:

C.14
~Ra'?¢, =28

Vx C.10 yields:
0= -(Ra)|"2VxVp+ Ra™Vx0k-Vx{uf d,)
VxVp=0

Vx(VxC.10) yields

0=Ra"?vx(Vx BQ”VX(VX(H;O%))

in Cartesian coordiantes

Ix(Tx0R= -0 7. &0 [aee , aze],;
axaz axaz ax®  ay?

V(i) = MV (") -V ")

V-{ur 0y) =(Vur°) -Gy + w7 (V- 0)
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Note C.12:

A
consider only the k component

note

%0 -%(-24
0z

k-(Vx(Vx6k))=-V°0

(o) = 2 T o) )

z-0, z-8 0w z-8
=ug In —+o|1+In
Rr MNig [ 37 ( Kr )J
~ p;_eWw —p,z{ein pf{emh +in p.f.-,_e)

z—e) Jw

2-0
= In — -V
HA ( o oz
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,\ .
thus k + V x (V x C.10) yields:

ol ; |
0= A% 5 inu °)%‘§‘V2“’J o

V3(C.14)=V*0 = -Ra'l2v2,

~V2¢, = -Ra 12y

9 (C14) =L v2p-_gaede
oz 0z oz

90 __pa-tizye B
0z 0z

substitute into C.15

0=Ra"?v% + uZ® {Inpfq—e} {_ Ra ’”2V2( ? ;} . Ha-"zv“e}
Zj

multiply by:

Ra1/2

27}

0=RaViByp lnp%""ﬂ(—g—e-) + V9 ¢18
Z

The boundary conditions must now be found. Two sets of boundary conditions will



be considered. The first set is the classic set for a confined porous media and
assumes adiabatic impermeable side walls and isothermal, impermeable top and
bottom surfaces.®* The second set is one never before considered in the

literature. The side walls are assumed adiabatic and impermeable. The top and

119

bottom surfaces are assumed impermeable, but with a finitely conductive layer

between the porous media surface and an isothermal surface.

The closest

approach in the literature is by Riahi,* who assumed a finitely conductive semi-
infinite mass at each surface. The physical layout and coordinate system of the

sand pack is shown in Figure C.1.

Thermal Boundary Conditions

side walls:
F-q=0@r’ =R
9T oer-R
or’
normalize
o -oer-A
or L
set R/IL=s
* =0@r-=5s
or

isothermal top surface: T=T,@2 =0
normalize 0=0@z=0
isothermal bottom surface: T=T, @z =-L

normalize 6=0@ z = -1



Figure C.1

Sand Pack Layout

k

120
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The finite conductivity layer boundary conditions are complex but can be simplified
considerably by linearizing them. Before convection occurs, conduction is the only
mode of heat transfer, and the temperatures of the isothermal surfaces can hence
by determined given the sand pack surface temperatures and the thermal

conductivities of the sand pack and conductive layer.

top surface:
Ly Asr
T,=To-| =1 =2\ T, - T
RATVEAE
where:
T, = temperature of isothermal surface above conductive fayer
L = thickness of conductive layer

thermal conductivity of conductive layer

>
]

similarly bottom surface:

7T, (%J[%SL—’](T Ty

T, = temperature of isothermal surface below conductive layer.

The heat flux through the sand pack surface is assumed to be steady-state
conductive only, with no transient effects, i.e.

top surface:

oT
oz"

—[ A.L ]aTL _( AL) Ta—TiZ-=O
o \Ast)az/| . o \Asr L,

=0



where:

T, = temperature in conductive layer

2y = height above sand pack surface.

Similarly, bottom surface:
GLA (LL_]ET_@ ( A )[ Tt 7Ty
0z*|,-.; \*s7)az/, 0 Ast L,

Te = temperature conductive layer

2, = height below sand pack surface.

substitute isothermal temperatures and normalize:

top surface:
90 __ ii 9
0z \Agrl,
set
T
Asr LL
B . 20@2-0
0z
bottom surface:
L ¢80 @2z=-1

|
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Flow boundary conditions:

bottoms and top surface

dy-k=0*"=0@2*=0,-L

normalize

w=0@2z=0, -1

substitute C.14

V8=0@z=0, -1

sidewalls:

i, -7=0@r=R

set s =R/L

normalize

d,-F=0@r=s

take ¢-(Vxc.10):

) [ =-Ra'®vxVp+Ra'PVx0k-Vx qu—eﬁb]



ignore viscosity variation, iz = 1.0

from thermal boundary conditions

D _0@r-s

or

from flow boundary conditions

substitute C.14

summarize boundary conditions
Set 1: Isothermal:

@ z=0:6=0;V%6=0

@ 2=-1:0=0,v9=0

@ r=s:008/0r=0;0V/or=0

C.7



Set 2: finite Conductive Layer:

@ 2z=0:06/0z=-00;V8=0

@ z=-1:00/90z =-08; V0 =0 C.18
@ r=s: 36/dr=0;0V0/0r=0

separation of variables: propose 6 =g (z, A) h (r, ¢, A) is a solution of C.16 then:

"o Hok ) ablrab) o
rion or) odp\rop) oz\ oz

Vze __[ré.z.g +§Q. +_1__.a_2_6_ +f-§—2§]

rlorr or rop? oz

_ 0 130 130 Fo

substitute into C.18

g(o,x)[h,ﬁ-1,-h,+%h¢¢}+g”(o,x)h=o



g(—1.A)[h,,+1,h,+—,’;?-hw]+g"(—1.x>h=o

g[h,,,(s,qa,x) ; 1shn(s,¢,k) : ?h,w(s,d),l)] +g"h{s,$,2) =0

g'(0,1)h=~ag(0,1)h
g'(-1.))h=ag(-1,A)h

gh(s,$,2)=0

simplify (F)

h(s.$,2) =0

substituting into (C) gives

h (S.0.3) + lsn,;s@,x) . —;—Qhw(s,al) -0

(D)

(G)

(H)
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simplify (D)
!
g'0,4) = -ag(0.1) .
simplify (E)
/ o ()
g'(-1,A)=ag(-1,4)
simplify (A)
g(o'k)[hrﬁ' lrhr+ %h‘i’fb = ‘g”(O,l)h
/l
—;;[h,,+ lh,+ —;-hw] = —%(—((%%l = some constant depending on A
r )

= Gy(4) (K)

similarly (B) yields

(A) (L)

1 1 1 g'(-1,)
Mpotpoty |90 LA) _a
h[ Tt R MJ g(0,7) 2



propose
h(r.b,A) =a(r,A)b(d,A)
1 1 1 1 1 1
z[”f?”-f*’ﬁ”‘b ja”"*?a"’*ﬁa”"}ze‘”

a'b+la'bs Lapi-Gryap
r r’

a”+—1r-a’—G,(l)a

be—Lap
,.2

)
r_.b. m? (constant)

a"+1al_Gal -
r a b

M
b=cos md M)

(must be periodic in 2r therefore m is integer)

1

2
a'+Lal-Gr)a="2
r

128
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from page 362 of Handbook of Mathematic Functions® equation 91.53 yields
Fal+(1-2p)ra’ +(12q%7+ p? - mPqP)a=0 ©
a=rP(BF) {rr9)

where p, q are constants in above equation and do not extend beyond equation
(O). (BF), is various Bessel functions or combinations thereof.

the solution must be bounded at r =0
(BF),, = J,, (Bessel function of first kind)

to match (O) and (N) setp=0;q=1

a=J, (xr)
(O) becomes:

P
rra’+ra'+ 3?2 -m?a=0 (F)

r? (N is rPa"+ra'+(-Gr)r* -m®)a=0

therefore

-G/(3) =12 @

(P) becomes

P rgl (322 -mAJ_=0
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therefore

6 =g(2)J (A1) cos (m)

C.19
2
v2e={g[J;’,+-}Jn’7—’"7Jm]+g"Jm} cos mp
manipulate (R)
g 1J/_m2J Yy
m*—m 7 = - C.20

V20 =J_cos mp{g" - 12g)

_39=J cosmdng'v?(ge) J,cos mb{g" - 1%g'}
?-J cosmb g

(66) _J cosmcb{g” A2g)
or

V'8 = VAV20) = V*{J,,cos mp g - 42g})
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% y ! v 10 m?
\ 0% %[(9 ‘- A'2<g){‘jm * T,JID B ?Jm} + Jm{glv" Aag”}}

fi 1, m?
nd&t {Jflrlr)r“r*jm"r?‘/m}:—las/m

V/e v, cOS mdlg" ~222g" + 1%g]

\_v
26— 0.y
Iy, [ AZC0S M

-
L\w l’\o &JB

\/‘/ﬂ'hog W{U/‘/\Q}*EQ"* l4g~ lZ/qap?{ngn p.?{z(g'”' Azg I)}
C.21

M
h N-Z A~
d gty Q)vzg”*g’)»zlnp%‘zﬂ»(ld_lzﬁapgz)gzo

f th Ahafl N
\)\% / \ir iy bt@ hg ?Mal’ Nyrurbations of temperature from the linear gradient do
&ﬂ o9ty AN\ tly,

i
/ N X 2
I ed \2)&2g”*lzlnpfqg’+[x4_l Ra g=0

z

Pr

5 I :
W-Ria kg \leg”*zlaln ung’+[l4~ A2§a]g=0 C.22
Ha



now rewrite boundary conditions:

Set 1: Isothermal:

@ z=0 g(0) = 0; " (0) - 2* g(0) = 0

@ = -1: g(-1)=0;g" (-1)-A%g(-1) = 0

@ r=s: J. (As) =0

Set 2; Finite Conductive Layer:

@ z=0: g'(0) = 0g(0); 9'(0) - A g(0) = O
@ z=-1: g'(-1) = ag(-1); g"(-1) - A* g(-1) = 0
@ r=s: Jo (AS) =0

where s = aspect ratio of porous medium = R/L.

can find eigenvalues from the Handbook of Mathematical Function,®’ but must

calculate s from experiment

0.2289m _,
067m

s=H
L

now find zeroes of J,, (As)
the results for the first seven eigenvalues are listed in Table C.1



Table C.1
Model Eigenvalucs
MODE EIGENVALUE EIGENVALUE
M FOR 1st ZERC FOR 2nd ZERO

0 0 11.179
] 5.373 15.560
2 8.914
3 12.262
4 15.522
5 18.727

The different modes and zeroes result in different planforms of motion. The planforms of
motion corresponding to m = 1, first zero; m = 2, first zero; m = 0, second zero, for a
constant viscosity liquid are illustrated in Figure C.2. These are the three first modes of

natural convection.

"The fourth order linear ordinary differential equation C.22 does not have an analytical
solution and must be solved numerically. Finite difference methods were attempted but
could not handle the high order of the problem. The technique successfully used for this
boundary value problem was a modification of the shooting technique published by
Kalaba.%2 A series of unique initial value problems were solved and linearly
superimposed to give the correct boundary values.

For example: given boundary conditions:

g=0; gl =0

g-D=0 M ¢n=0

solve the following initial value problems by a 4th order, 100 step Runge-Kutta
technique.

20 =gl = Moy = Moy =0

1) = 1.0; 20) = g0y = M0y = 0

210y = 1.0 ; 2 = ¢l0) = gy = 0

The first initial value problem gave a trivial, zero, result but the second was multiplied by
-0.46 and added 1o the third 1o give the correct result. The critical Rayleigh vaize was
24.78. This same method was applied to the conductive layer boundary conditions and

the critical Rayleigh value was found to be 22.27.
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m=1, 1st zero m=2, istzero m=0, 2nd zcro

Figure C.2: Convective Motion Planforms
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D. CRITICAL RAYLEIGH VALUES

The following is a series of tables and graphs delineating the critical Rayleigh numbers
for viscosity ratios from one to ten. The critical Rayleigh numbers are found for the first
seventeen modes of convective motion. The solutions are found for isothermal top and
bottom surfaces, and the corresponding eigenvalues are noted on each graph. The
solution technique used was presented in Chapter 4 and Appendix C.
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Table D.1

Predicted Critical Rayleigh Values, Mode 1, A = 5.3742

-

O\D\D\D\Dmmmm\l\l\J\!O’\O’\G\O\U\U\U\U\b&bbwwwuNNNNH)—-HH

HR

.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00

RaC
51.99393
46.30601
42.03699
38.68106
35.95409
33.68231
31.75256
30.08752
28.63233
27.34678
26.20071
25.17093
24.23929
23.39138
22.61558
21.90237
21.24394
20.63373
20.06625
19.53683
19.04149
18.57680
18.13980
17.72789
17.33883
16.97062
16.62151
16.28995
15.97454
15.67405
15.38737
15.11350
14.85154
14.60067
"4,36015
14.12931
13.90754
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Figure D.2  Predicied Critical Ravieigh Values, Mode 2
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Table D.2 Predicted Critical Rayleigh Values, Mode 2, A = 8.9148

R  Ra

.00 100.43855
.25  89.47081
.50 81.07042
.75 74.37843
.00 - 68.89286
.25  64.29680
.50 60.37860
.75  56.99072
.00 54.02669
.25  51.40752
.50  49.07319
.75  46.97725
.00  45.08304
.25  43.36128
.50 41.78822
.75  40.34440
.00 39.01370
.25  37.78263
.50 36.63983
.75 35.57564
.00  34.58181
.25 33.65121
.50 32.77769
.75  31.95588
.00 31.18108
.25  30.44917
.50 29.75649
.75 29.09981
.00 28.47625
.25 27.88323
.50  27.31846
.75 26.77985
.00  26.26554
.25  25.77384
.50  25.30320
9.75 24.85223
10.00 24.41967

OO PYWOOOO®MJddJdIdoaanannn AU Uad o SHWwWwWwWRNNDNDS = e
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Figure D.3  Predicted Critical Rayleigh Values, Mode 3



Table D.3 Predicted Critical Rayleigh Values, Mode 3, A = 11.1842

HR

O\D\O\D\DCDCDCDCD\l\)\)\ld\d’\d’\d’\(ﬂ(ﬂmu‘\hAbbwwwwNNNNHb—‘l—'H

.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00

RaC

145.60429
129.59838
117.14730
107.14403
98.91020
92.00123
86.11194
81.02525
76.58235
72.66422
69.17986
66.05843
63.24396
60.69159
58.36494
56.23415
54.27453
52.46541
50.78941
49.23174
47.77980
46.42273
45.15113
43.95685
42.83273
41.77253
40.77070
39.82235
38.92313
38.06916
37.25696
36.48340
35.74568
35.04125
34.36782
33.72330
33.10578
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Figure D.4  Predicted Critical Raylcigh Values, Made 4



Table D.4 Predicted Critical Rayleigh Values, Mode 4, A = 12.2627

[

CVWVWWWOOMOI-DJJAOAAAAUNUNULUE DL DL DLWWWWNRNNDNREE

HR

.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.15
.00
.25
.50
.75

00

.25
.50
.75
.00

Rac

170.76088
151.90587
137.12300
125.20377
115.38178
107.14165
100.12380
94.06960
88.783881
84.13827
80.00835
76.31362
72.98657
69.97311
67.22939
64.71948
62.41365
60.28709
58.31889
56..49135
54.78933
53.19985
51.71167
50.31504
49.00143
47.76336
46.59425
45.48826
44.44022
43.44550
42.49998
41.59995
40.74208
39.92335
39.14103
38.39266
37.67598
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Figure D.5  Predicted Critical Ravleigh Values. Mode 5



Table D.5 Predicted Critical Rayleigh Values, Mode S, A = 15.5213

HR

1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
6.75
7.00
7.25
7.50
7.75
8.00
8.25
8.50
8.75
5.00
9.25
8.50
9.75
10.00

RaC

261.05434
231.73196
208.18477
189.06055
173.31026
160.14676
148.99089
139.41666
131.10736
123.82446
117.38542
111.64849
106.50207
101.85712
97.64177
93.79740
890.27565
87.03636
84.04581
81.2.7553
78.70127
76.30229
74.06069
71.96097
69.98965
68.13490
66.38635
64.73481
63.17217
61.69120
60.28544
58.94912
57.67703
56.46451
55.30731
54.20162
53.14395
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Figure D.6 Fredicted Critical Rayleigh Values, Mode 6



‘Table D.6 Predicted Critical Rayleigh Values, Mode 6, A= 15.5616

HR

.00
.25
.50
.75
.00
.25
.50
.15
.00
.25
.50
.75
.00
.25

.50
.15
.00
.25
.50
.15
.00
.25
.50
.75
.00
.25
.50
.75
.00
8.25
8.50
8.75
9.00
9.25
9.50
9.75
10.00

O NN NAAAAAARAN UMD DS DL WWWWRNNDNNME S

RaC

262.30482
232.83496
209.16246
189.93553
174.10134
160.8€864
149.65496
140.02180
131.68055
124.3€131
117.89047
112.12549
106.55412
102.28683
98.05136
94.18876
90.65043
87...6598
£84.39151
81.60840
79.02229
76.61231
74.36049
72.25124
70.27100
68.40790
66.65149
64.99257
63.42297
61.93543
60.52345
59.18123
57.90355
56.68570
55.52345
54.41293
53.35066

147



[vs}
-~
w

>

dmanms — e S e d
- —

-

1501

100t

75¢

Figure D.7  Predicted Critical Ravleigh Vilues. Mode 7

148



Table D.7 Predicted Critical Rayleigh Values, Mode 7, A = 18.7262

HR

.00
.25

[ 4
o

.75
.00
.25
.50
.75
.09
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50

U‘U\-h-b-b.bwwtdwf\)M.’\‘an—"—“—‘H

NoguvNhow
Lmouwvwowmouwm

wmmmmmqqqqmmmmmw
OO 9Lk
oMo oo

N
wn

9.50
8.75
10.00

Rdc
370.66754
328.17610
293.20951
264.97456
241.76413
F22.48895
206.25112
152.3£553
180.41579
169.96454
16G.7582¢
152.58287
145.27078
138.68904
132.73081
127.30929
122.35322
117.80357
113.61095
109.73378
106.13675
102.78971
99.66674
96.74542
94,0626
%1.43226
89.00847
86.72174
84.56042
82.5141:
80.57374
78.73091
76.97828
75.30919
73.71761
72.19812
70.74578
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Table D.8 Predicted Critical Rayleigh Values, Mode 8, A = 19.5741

MR Rag
1.00 403.13886
1.25 356.62899
1.50 318.30020
1.75  287.17827
2.06 261.73251
Z..5 240.63832
2.50 222.89492
2.75 207.76739
3.00 194.71434
3.25 183.33178
3.50 173.31342
3.75 164.42342
4.00 156.47743
4.25 149.32937
4.50 142.86200
4.75 136.98016
5.00 131.60578
5.25 126.67422
5.50 122.13149
5.75 117.93212

.00 114.03755
.25 110.41485
.50 107.03573
.75 103.87574
.00 100.91363
.25 98.13087
.50 95.51118
.75 93.04023
.00 90.70534
.25 88.49526
.50 86.39993
.75 84.41041
.00 82.51865
.25 80.71739
8.50 79.00012
9.75 77.36092
20.00 75.79443
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Table D.9 Predicted Critical Rayleigh Values, Mode 9, A = 20.4775

HR

1.00
1.25

.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.2%
.50
.15
.00
.25
.50
.15
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75

9.00

9.25

9.50

9.75
10.00

cocococoqqqqmmmmmwmmhbbnwwwwwmwww

Rac

439.29952
388.28627
346.05049
311.80046
283.85528
260.73185
241.31141
224.77528
210.52230
198.10500
187.18490
177.50176
168.85252
161.07641
154.04460
147.65257
141.81469
136.46010
131.52964
126.97354
122.74960
118.82181
115.15926
111.73522
108.52650
105.51285
102.67653
100.00190

97.47513

95.08395

92.81743

90.66580

88.62029

86.67302

84.81688

83.04544

81.35288 .
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Table D.10  Predicted Critical Rayleigh Values, Mode 10, A = 21.8952

[

S

N b i o
.

U'U'IL."A.h.a..s'\..leuLu.\)?J.’\‘
v e e e T, .

O\D\D\D\DG)OQG)(D\J\J\J\IC\G\O\C\L"
P N T T,

s =

O ;o

~NCNOoO 9N

L Ot o -

QN MO
oCLUrouvo

Rac

499.34217
440.74443
291.922¢8
352.43753
220.32777
283.831¢87
271.62897
252.75857
236.51895
222.38987
209.97895
158.98520
189.17460
180.36174
172.39853
165.16496
158.56281
152.51088
146.94147
141.79765
137.03121
132.60104
128.47185
124.61320
120.998¢3
117.60511
114.41242
111.40278
108.56047
105.87154
103.32357
100.9054¢6

98.60728

96.42007

94.33577

92.34709

90.44742
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Table D.11  Predicted Critical Rayleigh Values, Mode 11, A = 23.3952

Hp  Rag
1.00 567.25259
1.25 499.92495
1.50 443.5314%
1.7%  3%8.0788S
2.00 61.24393
2.25 330.93142
7.50 305.58502
2.75 284.08082
3.00 265.6019¢
3.25 249.54500
3.50 235.45623
3.75 222.98862
4.00 211.87235
.25 271.65464
4.50 192.85544
4.75 184.70718
5.00 177.24741
5.25 170.41325
$.50 164.12733
5.75 158.32466
6.00 152.95024
€.25 147.95719
6.50 143.30533
6.75 138.95996
7.00 134.89102
.25 131.07228
7.50 127.48077
7.75 124.09629%
£.00 120.90099
£.25 117.87%02
.50 115.01631
8.75 112.30027
9.00 109.71961
9.25 107.26420
.50 104.92451
9.75 102.69348

10.00 100.56242
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Table D.12  Predicted Critical Rayleigh Values, Mode 12, A = 24.9162

HR

1.00
1.25
1.50
1.7S
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
€.25
6.50
6.75
7.00
7.25
7.50
7.75
8.00
8.25
8.50
8.75
9.00
9.25
9.50
9.75
10.00

Rac

640.7135¢C
563.77454
499.07297
447.12539
405.16705
370.72543
341.98285
317.£63621
25¢.74302
278.60886
262.71361
248.65987
236.13934
224.90939
214.77617
205.58314
197.20243
189.52858
182.47375
175.96425
169.93774
164.34114
159.12895
154.26195
1439.70611
145.43183
141.41314
137.62723
134.05396
130.67547
127.47587
124._.44096
121.55804
118.815¢9
116.20362
113.7125¢4
111.33402
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Table D.13  Predicted Critical Rayleigh Values, Mode 13, A = 25.0374

HR  Ra,

.00 646.76575
.25 5€69.02882
.50 £03.63825%
.75 451.1538&7
.00 408.77246
.25 373.9902¢
.20 344.9680%
.75 z20.38783
.00 299.2358¢
.25 280.99092
.50 264.9471¢
.75 250.76302
.00 238.1271¢
.25 226.7943¢
.50 216.5687¢
.75 207.29244
.00 198.8361%
.25 191.09336
.50 183.9754”2
.75 177.40792
.00 171.32792
.25 165.681¢1
.50 160.42366
.75 155.51387
.00 150.91811
.25 146.60647
.50 142.5527¢6

[T A B S S

S W W

[oAN« SR« ) NN G BN U N U, [N & T NY

~J

7.75 138.73394
€.00 135.12969
.25 131.72197
8.50 128.4947¢
6§.75 125.43372
9.00 122.52703
9.25 119.76016
9.50 117.12575
9.75 114.61339
10.00 112.2145¢
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Table D.14  Predicted Critical Rayleigh Values, Mode 14, A = 27.0940

—

T

LS A

t

I

L - S

HR

.00
.25
.50
.75
.00

.29

.50
e

San

.50
.75
.00
.25

.50

N O ANV VWL WL A

O W WIWWYWDMAEMmE J I

.75
.00
.25
.50
.15
L0G
.25

T
-

.75
00

.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00

Rdc
753.95492
661.88551
584.20160
522.18225
472.31150
431.50586
397.%3459
SRR LM1817
s44..:1663
542.89449
504.22839
287.74383
273.8716%
259.92444
248.07111
237.325%2
227.53652
218.57915
210.34979
202.75995
195.737%53
189.21942
183.15194
177.48890
.72.19022
167.22107
162.55091
158.15295
154.00350
150.08162
146.56862
142.84789
139.50453
136.32512
133.29764
130.4112¢
127.65594
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Table D.15 Predicted Critical Rayleigh Values, Mode 15, A = 28.1594

HR Rac

.00 812.81345
.25 712.76921
-50  628.2431%
.75  560.970€6
-00 506.98225
.25 462.86532
’ 426.1839¢
5 395.20077
.00 368.67447
.25 345.70257
.50 325.60159
3.75 307.859%02
.00 292.07488
.25 277.93593
.50 265.19322
.75 253.64585
243.12961
.25 233.50968
.50 224.6730¢
L1500 216.02647
.00 208.39043
.25  201.9970~
-50 195.48846¢
189.11497
-00 183.73318
-25  178.40594
-50 173.3999¢
.75 168.66666
.00 164.24042
8.25 160.0385¢
8.50 156.06117
8.75 152.290"3
9.00 148.709~-3
9.25 145.305.5%
9.50 142.06405
9.75 128.97412
10.00 136.02463
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Figure D.16  Predicied Critical Rayleigh Values, Mode 16



Table D.16 Predicted Critical Rayleigh Values, Mode 16, A = 29.0995

o

CWWOVWWYLO®MOMPBPDODNADdINANANANNUNU D H DD WLWWWNRN NN S

HR

.00
.25
.50
.75
.00

Ar
e

.50
.15
.00

.25

(=
. -t

.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.15
.00
.25
.50
.75
.00
.25
.50
.15
.00
.25
.50
.75
.00

Rdc
866.67420
759.15253
668.43749
596.32695
538.57389
401.41717
452.26886
419.20882
390.93019
366.45125
345.04075
326.15004
309.35229
294.30986
280.75676
268.47874
257.29870
247.07473
237.68652
229.03202
221.02866
213.60194
206.69165
200.24482
194 .2143¢%
1°8.56112
183.24973
178.24941
173.53323
169.07670
164.85866
160.86017
157.06412
153.45510
150.01926
146.74417
143.61870
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Table D.17 Predicted Critical Rayleigh Values, Mode 17, A = 29.6950

HR

1.00
.25
.50
.75
.00
.25
.50
.15
.00
.25
.50
.15
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50

c
-~

.00
.25
.50
.75
.00
.25
.50
.75
.00

UL L S b 8D WWWWNRNRNNW

OWVWVWUWUWVWOODMOT LI dIaanadn
f

—

Ra

901.
789.
€94.
619.
559.
509.
469.
434.
405.
379.
357
337.
320
304.
290.
278
266.
255.
246.
237.
228
221.
213.
207
200.
195.
189.
184.
179.
174
170.
166.
162.
158
155.
151
148.

C

49885
33356
36425
38656
05781
89530
15325
76567
35257
89751

.63625

99930

.54280

91300
83647

.08169

47336
85698
11013
12687

.81956

11265
94240

.25295

99684
13227
62280
43655
54516

.92368

54993
40399
46815

.72643

16468

.76978

©3006
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E. SINGLE FLUID: ONSET MODELS COMPARISON

Following is a comparison of the onset of convection model used in the present study and
oo 2332 4 , . . .

the one presented by Zebib.2332 The models predicted critical Rayleigh numbers

(onset of convection) for a water saturated cvlindrical porous medium heated from below

were compared.

ZEBIB’S MODEL:

Note:  Zebib used different svmbols than were used in the present work, They are used

in this context only in this appendix.

Zm k= Bessel funcuon root v apeter, moue < ik
T = Dimensionless tero sranere ditference, ('l'] - 'l'”‘; / 'l'()
R. = Critical Rayleigh vaiue

1. Aspect Ratio:
s= R/L =03426 ... (1)=

2. Eigenvalue:
A=z /s e (5)=

for (m.k) =(1,1)
‘mk~ .84 Table ]2J
7~ = ;--374

A/ n=1.711

3. Temperature Difference:
T= (T -Tg)/ Ty e (2)32
Ty=25°C=298 K
T) = 126.32°C
1=1(.34



4. Rag:
FromR vs. Acurve @ 1=0.34 ... Figure 232
fora/m=1711

R./ 72 =2.35£0.05 (graphical uncentainty)

RuC =232+0.5

PRESENT MODEL:

water @ Ty = 25°C — Hqy = 8.80037E-04 [Pax)
water@ Ty = 126.32°C — 11| = 2.20485E-04 Ssg

M = Mo /wy = A9

from Appendix D, Table D.1, (Ra for eigenvalue = 5.3742; mode 1)

0 =247
R.xc 24.2

171



F. SINGLE FLUID: HEAT TRANSFER RATE
This work is based on fitie power integral technique used by Bau, and Ruth.®

The temperature is represented as an average value cver the horizontal cross-

section superposed with a fluctuating quantity.

S T(2)+ (%) "

where

1 .
T‘,:;ffA_TdA
ffA;'dA'=o

Steady state conditions are assumed. Taking the horizontal cross-sectional

average of C.3 and substituting F.1 gives:

--_’ a;-v'T dA®
)ST

‘C . .- . de .
A_V~2-;-dA‘=j4.;; {ffA~ub V't dA +;£:ffA'Q an'

No riet vertical fluid flow teads to:

fA_m'dA'zo



integrating:

173

ffA.V'QT'dA'=V'2ffA_r‘dA'
UI; V=V .(0;1:') (W 171;)

V' ‘ab' -_'O

1ff |Gpt’)dAT —-A—V ff a,t"dA"

Ai L[ oo

tﬁT pCp), dffwrd,q

dZ 2 A A'ST dz
F.2
d C
T,_(p p)fff (0'c)dA" +C,
dz® Ahg A
% F.3

A'Aslifoz.(f fA-“’"'dA ')dz Gz G

T,- Ty { (pCp)ff (H ) ' Y



Apply Boundary Conditions

set 1: Isothermal

i) T=Ty@z =0
1=0T,=0,@2z =0

substituting into F.4 yields C, = T,

| (pC e ia o e
7-1“7-0:"{01L+ :,Afrffj(ff#w vdA )dz}

<> = integral over volume of porous media

C
7—1‘To=‘{C1L+ (p p)f<m'1:'>}
ST
C
Gy =~ {1, Ty + Lol
ST L

sub. into F.3, F.4

dT2=(PCp)f{1 ff (0T dA L <e c*> (T-T) e
az: )-sr AA L L



(7,

R

£ Agr AT

set 2; conductive layer

T is variable, but [ TdA*=T,
«T,=T, @ z"=0
T,=T, @ z=-L

and hence 2 boundary conditions give the same results as set 1.

Must normalize:

o C T-T,
L Asr (7—1‘7—0)

X=

p- P,(pCp)fk,T T

; Ra
Plsr (7'1 - To)

Normalize F.2, F.5, F.6, F.1

d*e, d(1
- 72(74‘ [ fAmdA)

- TO) -
L

Z

+To

F.6

F.7
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®, 1 F.8

dzz =—A-fwardA—(Ra+<mr>)
0,= {"1/; [ fAmdA}dz—(F?a+<wr>)z F.9
F.10

8=0,+1

Normalize C.5, invoke B — 0, constant viscosity, as variable viscosity effects can

be neglected.”

0=-VP+1k-10, F.11

Normalize C.3, steady state

- F.12
0=V%0-{,-V®

<i,-F.A1> yields:
0=-<VP-il,> +<tk- > - <0y

(divergence theorem)

<VP-iiy> = [ Piiy-AdS



(impermeable boundaries)

b, =0 on S

<Tk'€’b> =<t >

0=<t0>-<d, 0,

substitute F.7, F.8, F.10 into F.12

{,-V(t +8,) =V?(8,+ 1)

a®, .
dz

o {‘1/3 f wardA—(Ra+<m>)}

ﬁb'VGZ = L7b‘

note: ffA'ch=0

therefore

<t%[-1szAwtdA)> -0

F.13
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<t<T>>=<T1>°

<m(-:i [ fAmdA)>=<(% [ wardA)2>

2 F.15
<[lff mrdA) >-Ha<1:m>—<mt>2=<tV21.>
Alla

Assume the values of velocity and temperature are merely the product of the
results of the linear stability analysis and of finite amplitudes B, and B, i.e.

o = B, (g(2) - 129(2)) J (A1) cosmo e

1 =B,g9(2) J,(Ar) cosm F
substitute F.16, F.17 into F.15
{4 [ wsca] >= B2 | cosmoasf [ gia"- ez
<tw>=-B, Bz( f f AJ,Z,,coszmd> dA) f _(: gg"-%g)dz
<1p>2= B;"‘Bzz( f f AJ,Z,,co32m¢ dA)z( f : glg" —)~2g)dz)2

<TV21>= 822( f f AJ,Z,,cos?md) dA) f (: glg"-12g)dz



i79

Set. G=BB/[ AJ,zncoszmcb dA
(- ol o
L=["g%g"-12g’dz

B
C?1, + CRal, - C?1?=C=2l, F18
B,
divide F.18 by C and collect:
B /
C=(——2 —Ra) ! 2‘
B, b-F)
as Ra — Ra, (from above) |G| — 0 (infinitesimal motion)
B
—2=Ra,
B,
F.19
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A e \gar
BT

-L dT pC ff o F.20

normalize

substitute F.8:
1

Nu=——(Ra+<wt>)
Ra F.21
<T>
Nu=1+ Wt
substitute F.16, F.17;
Cl F.22
Nu=1-—1

Ra



substitute F.19

- +[1 _Rac) £ F.23

Ra Iz’/12

The integrals are calculated numerically using the output from the linear stability
analysis for both sets of boundary conditions in a trapezoidal scheme.

Set 1. Isothermal Boundary Conditions

Nu=1+1.835 [1 <
- + . -
Ra

Ra_=24.782

Set 2. Finite Conductive Layer Boundary Conditions

A
Nu=1 +2.233(1 _ aC]
Ra

Ra,=22.27
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G. SINGLE FLUID EXPERIMENTAL ANALYSIS

(i)  The Rayleigh number is define

v . 2
Ra = (g, k B (Tpor~ Trop) Lp= Cpl/ )

where:
£, = gravity =9.81 lm/szl
k = permeability
i3 - fluid coeff. of vol thermal expansion
= 12B@Tgy *+ p@ T’I‘op) [1/K]
TRot T at bottom surface of sand pack [°C, K]
T’!‘op T at top surface of sand pack [°C, K]
L = height of sand pack = 0.67 [m]
Cp = fluid heat capacity @ T [J/kg K]
P = fluid density @ T, [kg’rn3]
H = fluid viscosity @ T, [Pa s]
Fe = T at coldest surface of sand pack [°C, K]
A = saturated medium thermal conductivity
= 2.56-0.002352 T,, (W/m K] (Appendix B)
Tav = 12T + TTop) I°C. K]

(i) The Nusselt number is defined as:

Nu = qe (L/{Ay (Tt - Trop) 1}

where:

q = 11446 - 5.7x 107 ATygy - 1.5 x 103 Thgn)
e [1.10137 + 1.623% 107 ATy ¢ { 8Thy / BYpfm]

d29 as:
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iii)  Finding sand pack surface temperatures is difficult as the probes are of necessity a

small distance away from the surfa

lower surface is shown in Figure G.1. Th

ces. The temperature profile in the region of the
¢ most accurate way to find the surface

emperatures 1s to extrapolate the two probe layer temperature measurements 10 the
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surface. The distances Ayp and Ay are from the nearest probe layer to the lower

and upper surfaces, respectively.

Tpot = T@76.2mm + (T @76.2mm - T@285.77 mm)OIAyB/Z()Q.SS]
TT()p = T@704.85 mm + (T @704.85 mm - T (@495.3 mm)OIAy'l-/2()‘_).551

It should be noted that the height measurements for the probes are with respect to

the bottom of the cell wall, not the sand pack.

The values of Ayy and Ay are evaluated from the first four, conductive, experiments
where the Nusselt number is known to be one. ‘The wtal height of the sand pack is known
and by using the height and the Nusselt number the necessary values of Ay and Ay

were calculated for each of the four experiments. The values, when averaged are:
Ayg = 19.01 mm
Ayp=21.54mm

When Ayg and Ay are added 1o he distance between the top and bottom probe layers
the calculated sand pack height is 669.2 mm. The actual sand pack height is 670 mm
giving an error of 0.8 mm or 0.1%. The sum of Ayp and Ay are known from the total
pack height minus the distance between the probe layers, but the above calculations gives

their individual values.

iv)  With Ttop and TgoT found, the Rayleigh number and Nusselt number for the

five single fluid experiments were calculated, and are presented in Table G.1



Table G.1 Single Fluid: Experimental Results
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DESCRIPTION W.S#l W-S#2 W-S#3  W-S#4  W-S#5
TgoT (°C) 616 9271 11046 13123 13625
Trop CC) 7527 11694 2360  25.58 33.53
Cp (kg K) 4182 4204 4179 4178 4175
0 (kg/m?) 982.1 9633 997.6  997.0 9946
i x 107 (Pas) 4560 2993 9122 8704 7411
B x 104 (1/K) 5.73 7.76 5.22 5.89 6.40
Ra 483 1845 1499 2177 27.03
Nu 1.003 1001 1.000 1.005 1.756
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A Neasured temperatures

285.8 mm ht. probe |-

76.2 mm ht. probe |~ —

AYg
Lower surface sand pack.|_ |
upper face, (LHFM) Ry
Lower face, lower heat |- - T
flux meter (LHFM) T
! S .
TBottom

Figare G.1:  Lower Surface Temperature Profile.
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H. LIQUID/CONDENSIBLE VAPOUR: STEAM/WATER INTERFACE
STABILITY

‘The interface between the steam and water phases is primarily stabilized because the
fingers of stecam that penetrate the water zone, and bring the interface up, lose heat to the
water zone and condense, causing the interface do drop back to the stable position. The
interface will become unstable when the overlying water zone cannot remove heat rapidly
enough from the steam finger to condense and collapse it. The steam fingers will then
penetrate and the interface will be unstable and move up. Further details of the physical
logic behind the proposed theory for the interface stability can be found in Chapter 5.

The model developed in this appendix for predicting the stability of the stearn-water
interface is based on simplifying Straus and Schubert’s?Y work to a specific case. Their
model does not exactly correspond to the situation dealt with here, in that they used a
non-isothermal steam zone instead of an almost isothermal two phase zone. Additionally,
they used a permeable top surface instead of an impermeable top surface. The difference
in zone treatment is a significant, but necessary simplification that can be corrected by
empirical correlation. Straus and Schubert’s notation is used throughout and reference to
their paper must be made 1o interpret the following. Straus and Schubert developed an
equation for the growth rate of interface perturbations and then presented some numerical
solutions and some simplified analytical cases. The purpose of this appendix is to
simplify their equation for the growth rate of interface perturbations into an analytical
case useful for the boiling of liquids in a confined porous medium heated from below.




Strauss and Shubert’s result for the growth rate of interface perturbation (o) is:
0=(f,g + 50 + fgla) A, coth 1,(1-8)
- _ - H.1

+(fi7 + fi50 - figa), coth 2,3

+{fp+F,,[O)A, CSCh A8 ~f+ 150 +1fo

Strauss and Shubert's parameters are listed helow. The se symbols are limited

to this appendix alone.
dimensionless growth rate of perturbations

—! af
1

= dimensionless wave number , 2 © d/w,
= overlying zone thickness/total thickness,

dimensionless wave number parameter for liquid phase

>l >
i

<

= dimensionless wave number parameter for vapour phase

=~
il

various complicated functions

= density ratio (p, - p,) / py

TS
1l

latent heat parameter

h,/((-dT/dz) « total thickness «liquid specific heat)
((-dT/dz) « (dP/T)) (P, Ya)

viscosity ratio /i,

= d-p/

= -dT/dz = g/Am

total thickness

=3l
l

<
w
0

= overlying zone thickness

| = liquid phase value

1

)
) = vapour phase value
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asc = O
]
coth A, (1-8) = 1
cothi\;(1 -8) =1
csch2(1 -8)—>0
and H.1 becomes

- - — H.2
0 =((f18 t f17)/ - f7) *{I(fw - fw) t 5}’0

for the experimental conditions feasible in porous media:

(-t 50

therefore for the growth rate to be negative and hence a stable interface to exist:

- H.
{(fre* fir)! - f}20 ’

substituting expressions for functions:

—f - -
; 'ﬂ%ﬂ)—sﬁa’coshls sinh7(1-8) + 2(1-A)
1 T

oA - - _
2B ¥s oshis coshi(1-8) -2/ |20

I,
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for the experimental conditions feasible in porous media:

set sinhl_(1 -8) =cosh7(1 ')

/ >=0

1 F I

%cosh/_a cosh/ (1 —a)(a ~A)RQ" + 2y 3] +2(1-A)-2/

set equal to zero

A coshia cosh/(1 -a)(u SL)4Q + =

1 r

+£(1-4)-21 =0

2W3] 2 " H.4
r

solve H.4 for‘l

7=0-4) 8 osh7scoshi(1-3)

== (1-4)9Q" +—=
1

11

2w3'J H.5

for the experimental conditions feasible ( 1 - A) / I'is negligible

note:

f,=(1-A)sinh /8 sinh/(1-8) + y,cosh/ (1-8) cosh /3

for the experimental conditions feasible in porous media:

set sinh /6 - cosh76

f,=(1-A +y;)cosh /8 cosh/(1-8) H.6



sub H.6 into H.5

A [(1 _A)Q" + 5_“_2]
7. T |

21-A+ ¥3)

substitute in experimental properties:

p Sk 2hy

(p,—pv)p,ga A, (dP)

dr),|

~1
il

QP(P/PV‘*P,PV)

solve H.8 for wid = W (Stability Number)

4“Q(PIPV“‘ plp‘v)

w=W-
d
(IR P LI AR

—

dar

at the onset of boiling

_ A’m(TSAt— To)

2 Am
(dP

190

H.7

H.8

H.9

H.10
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4n lm(Tsat_ To)(“’lp v PM v)

Wf% =
21 A H.11
Lip9,)pGa [P S1gk+ ( i’f)m
dr),
for a 100°C interface of water and steam @ 1 atm
1,{100-T,)

Wb=(—“—') boiling =1.7019x10°®
d 1{1.349x10%+6.9337x1074 ;)

H.12
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I. LIQUID/CONDENSIBLE VAPOUR: EXPERIMENTAL ANALYSIS

The analysis of the experimental study of the natural convection of steam and water in a
cylindrical porous medium was straight forward. The temperature drop across the heat
flux meter gave the heat flux. The temperature measurements at each probe level were
averaged. The average temperatures at each probe level height were used to determine
temperature profiles. The average temperature profile gave the average two-phase zone
height, and, when combined with the heat flux, the Nusselt number. The Nusselt number
was based on the water saturated thermal conductivity of the sand pack. The Rayleigh
number of the overlying water zone was then found, using zonc depth and the
temperature profile. As an example, the experimental results and conditions for the first

water/stcam-sand series are shown in Table L1.
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Table 1.1: Liquid/Condensible Vapour: Experimental Results

DESCRIPTION

T (°C) @ top sand pack

height = 0.7233m

T (°C) @ top 2 phase zone

Height (m) @ top 2
phase zone

T (°C) @ bottom sand pack

height = 0.05527 m

q [heat flux]
(W/mz)

y .
N Uy overall

J > 1 .
Nu,, overlying water

zone

Nug,, two phase zone

Ra overlying water
zone

W/S-S #1

38.678

99.309

0.3411

101.764

370.4

1.636

0.984

18.72

8.858

W/S-S #2

39.61

98.946

(.4685

100.258

878.0

4.152

1.5916

117.12

5.841

W/S-S #3

51916

101.224

(0.4908

102.560

1254.9

7.201

252

174.24

5910
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J. LIQUID/CONDENSIBLE VAPOUR: TWO PHASE ZONE THEORETICAL
ANALYSIS

The theoretical analysis of the natural convection of liquid and condensible vapourin a
porous medium will be focussed on the prediction of Nusselt numbers and thickness of
the various zones. Two theoretical analyses will be used, the first, presented in this
appendix, dealing with the two phase zone and the second, presented in Appendix H,

describing the overlying water zone.

The analytical technique used follows Bau et a1.14.17.18 The assumed mass and heat
transfer state is that of a one dimensional, countercurrent flow of liquid down and vapour
up in the two phase zone. Liquid is boiled at the bottom surface and vapour condensed in
an infinitesimally thin layer at the interface between the two-phase and water zones. Heat
transfer occurs only by the latent heat transfer of the vapour.

Mass fluxes must balance:
. _ - - ' J 1
mv = - ml =m .

Heat transfer is by latent heat transport alone:

q = hyy, m J.2
Applying Darcy’s Law

my = - lkky/vj]{dP/dz + pyg) 13

m, = - kky, /vy 1{dP/dz + p, 8] 1.4

Approximating the relative permeabilities:

kl.]=sl;kn,=l-sl 15
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where 8y is the liquid saturation i.e. §; = 0 means 100% vapour and Sy = 1.0 means 100%

liquid.
Combining J.1, 1.3, 1.4, 1.5 yields

m = [S;(1-SpPkg, (p)-p I /1 -SP vy + Spvy] 1.6
which can be solved for saturation.
The thickness of the overlying water zone is determined by

q = Ay (Tear - Tiop) / Yy 31
and hence, two phase zone height is

Ay =L - Ay, J.8

The Nusselt number of the overlying water zone is assumed to be one. The Nussclt
number of the two phase zone is assumed infinite, but with a maximum (dryout) heat
flux1¥ of:

2
Imax = KDy 8, (P - pv)/[(\'l)o'5 + (VV)()'S |- 19
It should be noted that the work of Udell!® would result in an improved prediction of

saturation but not in Nusselt number or zone thickness.
The second analytical technique predicts the overlying water zone Nussclt number.
However, the measured Nusselt numbers for the overlying water zone were used in Table

5.2, in order to show the true significance of the overlying water zone.

The following equation, based on inverting the definition of the overlying water zone

Nusselt number gives the overlying water zone thickness.

Ayy = INug Apy (T - Tigp)l/ 4 110



K. TWO IMMISCIBLE LIQUIDS: EXPERIMENTAL ANALYSIS

As an example, the experimental analysis of the first tetrachloroethylene/water-sand
series is presented. The analysis was limited as natural convection was not achieved.
The temperature drop across the heat flux meter gave the heat flux. The temperature
measurements at each probe level were averaged and the temperature profile (linear)
found. The temperature at the top and bottom surface were then extrapolated from the
profile. The total temperature difference and the heat flux gave an effective thermal
conductivity for cach experiment. The thermal conductivity for the first three
experiments were then fitted to a model similar to that for water saturated media
(Appendix B). The calculated thermal conductivities were then used to find the Nusselt
numbers for all four experiments. The results of the analysis are shown in Table K.1.
Similar analysis gave the results presented in Table K.2.

‘Thermal Conductivity Model:

7\5'1‘ = }\55]_7 - C] (1"51.7) (7\551.7- 1.4]9)

a least squares fit yields:

C, = 0.01699
A = 2389-8778x107T
AL = 2389 - 8778x1073T

m

The experimental results for all the "oil"/water-sand series are presented in Table K.2.
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Table K.1
Tetrachloroethylene/Water in Sand: Experimental Results

DESCRIPTION T/W-S#1 T/W-S #2 T/W-S #3 T/W-S #4*
q (W/mz) 124.811 163.355 202.6606 341.223
Run Duration (hrs) 161.8 144.0) 186.7 6.0

T (°C) @ top sand pack

height =0.7233 m 23.727 25.208 37.848 44.441
Ay apparent (W/m K) 2.101 1.742 1.792 2.437
T (°C) average 43.357 56.167 75.145 90.548
A, calculated (W/m K) 2.009 1.896 1.730 1.595
Nu 1.05 0.92 1.04 1.53

* - not steady state.



T/W-S Series

q (W/m?)
Nu

T/W-S 11 Series

q( W/mz)
Nu

O/W-S Series #1

q (W/m?) -96.46
Nu 1.00

(/W-S 1 Scries

q (W/m?)
Nu

* ransient. non-convective

Table K.2
I'wo Immiscible Liquids: Experimental Results
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341.22
1.53%

559.07
15.20

15

535.94
7.55

502.78
26.73



L. TWOQO IMMISCIBLE LIQUIDS: PSEUDO-FLUID

Analysis of the natural convection of two immiscible liquids in a cylindrical porous
medium by treating the fluids as a single pseudo-fluid was very simple. The Rayleigh
numbers for the experiments were found using actual thermal conductivity, assuming no
permeability reduction (no relative permeability) and fluid propertics based on a mass
average. The critical Rayleigh value was predicied using the single fluid theory, and

mass-averaged fluid properties, including viscosity.

As an example, the psuedo-fluid analysis for the first tewrachlorocthylene/water-sand
experimental series is presented. The tetrachloroethylene preperties were found in the
"Encyclopedia of Chemical 'l‘cchno]()gy".(’l The liquid mixture saturating the sand pack
was 9.32% by mass water and Y0.68% by mass tetrachloroethylene. The pseudo-fluid

properties and resulting Rayleigh numbers are shown in Table 1.1

The critical Rayleigh value was found by using the experimental conditions to estimate
the Rayleigh number, finding the resulting viscosity ratio between hot and cold surfaces,
and then finding the critical Rayleigh value from Appendix C. "This process was iterated
until the viscosity ratio matched the critical Rayleigh value accurately. The critical
Rayleigh number was found to be 32.76 for the isothermal boundary conditions.

The psuedo-fluid Rayleigh numbers and predicted critical values are presented for all the

"oil"/water experiments in Table 1..2.
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DESCRIPTION

T'l'()P “C)
TB()'I' “C)

(kg,/ms)

Ppseudo

Cppseudo ke K)

Hpseudo * 10 (Pus)

B x 109 (1/K)

pscudo

Ra

* ransient, non-convective

Table L.1
Tetrachlorocthylene/Water in Sand: Pseudo-fluid Rayleigh Values
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T/IW-S#1 T/W-S #2 T/W-S #3 T/W-S #4*
23727 25.208 37.848 44.441
63.313 87.670 113.213 137.784
1558.9 1556.7 1536.7 1526.0

1169 1169 1169 1169
8.55 8.41 1.38 6.88

10.17 10.27 10.35 10.44
13.37 21.50 29.04 38.32



Two Immiscible Liquids

T/W-S Series

Nu

Rapseudo

Rag=32.8

Nu

Rapseudo

Rac =51.6
O/W-S Series

Nu

Rapgeudo

Ra. = 421

#

1.00
-106.81

Q/W-S 11 Series #1

Nu

Rapeudo

Ra, = 47.7

1.00
-480.90

* transient, non-convective

Table L.2

#1 #2
1.05 0.92
13.37 21.50
# #2
3.10 5.00
104.86 139.36
1.00 5.80
64.95 112.92
# #
4.60 1.93
134.42 75.44

: Pseudo-fluid Rayleigh YValues

#3

1.O4
29.04

#3

8.30
217.88

un

2.58
97.92

#4

1.00
-195.08

#6

1.89
83.89

201

. ¥4}
‘ol ‘s
3

o m—
>
~J

#4

15.20)
470.78

#7

7.55
164.12



M. RELATIVE PERMEABILITY EXPERIMENTS

The relative permeabilities of the oil/water mixtures used in the natural convection
experiments were measured at end points in a permeability apparatus. The same sand,
6/9 Colorado, was used in the apparatus. The permeability flow cell was 5.08cm in
diameter and 0.594m long. Pressure differentials were measured with a 0-7 kPa
differential transmitter. Back pressure was maintained with a regulating valve. No
overburden pressure was applied. Water was taken directly from the building’s cold
water supply as the flow rates were high. Qil was recirculated and pumped by a high

volume pump.

The mixture of tetrachloroethylene/water was found 10 have the following end points;

Ky, = 0.653 @S, =088
Ky = 0.0 @S, =088
Ky, =00 @S,=02
K,y = 0.907 @S, =021

a lincar relationship between end points yields:

Ky, = -0.205+0.978 S
Ky = 1.191-1.354 8

The mixture of Mentor 29/water was found 10 have the following end points:

Ky, = 0.891 @S, =0.89
Kpy = 0.0 @S, =089
k=00 @S, =005
Ky = 0.90 @S, =005

a lincar relationship between end points yields:

K, =-0.053 + 1061 S,
Ko = 0954 - 1071 S,
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N. TWO IMMISCIBLE LIQUIDS: RELATIVE PERMEABILITY

As an example, the relative permeability model 1 analysis of the first
tetrachloroethylene/water-sand series is presented. This sample analysis is limited to
calculating the Rayleigh values of the tetrachloroethylene phase, as the water phase has
almost no mobility. The relative permeability of tetrachlorocthylene in the 90.68%
tetrachloroethylene, 9.32% water saturated 40-70 Unimin sand was found, from
Appendix M, to be 0.63. The Rayleigh number for a fluid considering relative
permeability, is defined as:

. . 2
Ragp= kppl gy kB (T - Tyop) L P7 Gyl / (A

where properties are for the one fluid as in Appendix G except for

7‘m = saturated medium thermal conductivity
includes effects of other fluid [W/m K]
kyp = relative permeability of fluid in the porous medium

at the given saturation.
The properties and Rayleigh values are presented in Table N.1

The relative permeability Rayleigh valves and predicted critical Rayleigh values for all
the "oil"/water experimental series are presented in Table N.2.



DESCRIPTION

'l"]'()]) (OC)
o1 0O
ot
Pretry (K&/m™)
CPetra Uikg K)
4 P«
Hietra X 10 (Pas)

B x 107 (1/K)

tetra
krf

Ra

Tabhle N.1

Tetrachlorocthylene/Water in Sand:
Tetrachloroethylene Phase Relative Permeability Rayleigh Values

T/W-S #1

23.727

oN
o
&S]
—
(O8]

1616.6

860

8.49

10.79

0.63

7.05

204

T/W-S #2 T/W-S #3 T/W-S #4*
25.208 37.848 44.441
87.670 113.213 137.784
1614.2 1592.6 1581.1

860 860 860

8.39 7.43 6.96
10.79 10.79 10.79
0.63 0.63 0.63
11.29 15.10 19.81



Table N.2

Two Immiscible Liquids: Relative Permeability Rayleigh Values

T/W-S Series
Nu
Raoil

Ra, (oil) =35.5

T/W-S I Scries
Nu
Ra

oil

Rac (oil) =51.3

O/W-8 Scries  #1

Nu 1.00
Rag; -60.50
Rayyrer -69.00

Ra, (0il) =37.6
RaC (water) = 38.8

Q/W-S II Series
Nu

Ragj

R

dwater

Ra,, (oil) = 18.7
RaC (water) = 47.7

* transient, non-convective

#1
1.05
7.05

#1
3.10
65.40

#
1.00
36.80
23.60

#
1.00

-11.40
-412.20

)
0.92
11.29
#2
5.00
86.90
#3 s
5.80 2.58
64.00 55.50
51.70 41.60
) n
4.60 1.93
403 2.66
113.80 63.90

#3
1.04
15.10

#3
8.30
135.90

#6
1.89
47.60
33.60

#4
1.00
-5.28
-165.10

#
1.53*
19.81

#4
15.20
293.60

¥
7.55
93.00

80.20

45
26.73
5.84

175.60)
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(). WATER/SAND THERMAL CONDUCTIVITY

The following is a repor: describing the thermal conductivity of the water-saturated 40-70

Unimin sand used in the initial heat transfer experiments.



THERMAL CONDUCTIVITY MEASUREMENTS

For: Aliberta Research Council
Edmonton, Alberta

By: Tempest Geophysical Consultants Limited
24 Quesnell Road
Edmonton, Alberta
TSR SNZ

August 8, 1989
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g
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SUMMARY OF RESULTS

Km ks
Run 1 (Cell Z=9) 4.95 Wm—2p—3 2.0 Wm— i —2
Run 2 (Cell 42) 4.94 Wm—3 K3 2.34 Wm—K—?
Em = material conductivity

Ks = conductivity of saturated sample

d
e = Kw Km’”é

Fw water conductivity = 0.602 Wm™*K—*

¢= porosity



PR T T T Sy

20

i : : ot T
:’l“H". : 'ts__'..' ": FReT AR ' . i' 9'4,’;~ . 'v
RERSERNE R TN R
I B oo Y IR ( .‘:/')
CAERAICIOR NHUMRLIRT ARC 279,080,201 .00
Sl L-MUME Chi
T . P v
P . it IR .o . : .
Lo o Ly Capiie RORZE
D : I e IRV R
- el - i -
:-5: N ) ot vy . ':'
. AR - e PO
. TS
. Lo . S i ( ‘."t)

I i R R T T TR T T T U Y G S S T e e

B e T R R S I e I I AR IR IR AR R I I



F O

[ . .
. N ce
el
‘ i c - Pap—
: T - Tt Trnroos
P R | T R
4o . et e
L T e N e e e -
N O A R TT L H I
ety el c - .
AN (%] K - 3 o . PR - -
oo CHCIGHT L e PO Ty

M R HUM;:
. . - R AW He Fert .
SRS L St L Ll T Lo
i Ry N T Zo
SRR L : - AT D LE
. SELOLGT o Lo S




